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I PREFACE

The use of improved materials enables engineers to design new and better prod-
ucts and processes. Benefits include increased sales of improved products and,
where new materials are used in manufacturing, reduced plant cost. Society ben-
efits through the use of improved products that use these new materials.

Sophisticated new materials save lives (artificial hearts, shatterproof glass, bul-
letproof vests), conserve energy (lightweight cars) and expand human horizons
(aircraft, spacecraft, computers through the World Wide Web). In the twenty-
first century a new generation of materials promises to again reshape our world
and solve some of the planet’s most pressing problems. Although there is a
tremendous array of materials, this book focuses on so-called advanced mate-
rials, especially those offering the latest advancements in properties. They are
materials of construction with exceptional properties enabling improvement in
the engineering components or final products in which they are used. They are
also the latest in revolutionary materials and the latest improvement in more
traditional advanced materials.

As a designer of “hardware,” you may be tempted to assume that the best
material for your use is the one you have been using. If so, you will find that
this book includes many common materials of construction that have seen recent
improvements. For the more adventuresome, we include revolutionary materi-
als whose use may result in great benefit, enabling unique and cost-effective
product design.

This handbook presents the most recently introduced advanced materials in
an effort to inform you as soon as possible of materials that may improve your
product or process. Each chapter describes material characteristics from which
materials can be tentatively selected for further exploration. Additional informa-
tion is available from the references, engineering societies, and trade associations.
Examples include The Composite Fabricators Association, The United States
Advanced Ceramic Association, ASM International, The American Society of
Mechanical Engineers, The Aluminum Association, The American Iron & Steel
Institute, The Steel Manufacturers Association, International Titanium Associa-
tion, and others. All are available through their websites.

This book’s purpose is not to provide all the data you need to select materials.
Each chapter describes an individual class of materials. Most include corrosion-
resistant data plus a separate chapter on this important property. The book’s
purpose is to narrow your material selection. For your final decision, work with

ix
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the material supplier as a partner, sharing your problem’s parameters. Material
suppliers have broad experience that will benefit your material selection. Treat
them as a joint problem solver rather than a vendor. Be open to a design change
that will realize the benefits of using a new material. Always test materials
before use.

Some of the materials presented have revolutionary performance compared to
the existing materials that you are using. Others are improvements over exist-
ing materials, but, unlike revolutionary materials, they are more familiar, with
abundant engineering data, and some similarity to your existing material. Rev-
olutionary materials, like continuous fiber ceramic composites (CFCCs), offer a
breakthrough in performance in extreme environments like superior resistance
to high temperature, corrosion, and wear. Others, including CFCCs, are also
stronger and lighter weight.

Some of the materials presented are high priced, reflecting their high perfor-
mance. They are used where the result economically benefits the provider and
the user. Life-cycle costing will reveal if this is true for your application.

Designing a product involves selecting a material, shape, and manufacturing
process. Finding an optimal combination of these to maximize performance and
minimize cost is essential for innovation in engineering design and education.

Psychologists tell us that 5% of designers are willing to try something new and
80% will follow if the 5% are successful. Be one of the 5%. The use of new mate-
rials can save money, reduce downtime, reduce maintenance, increase operating
temperature, increase efficiency, lower emissions, and reduce life-cycle costs.

JaMEs K. WESSEL
Oak Ridge, TN
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1.A POLYMER COMPOSITES
1.1 DESCRIPTION

1.1.1 Scope

Polymer composites can cover a broad range of material combinations. For this
chapter, we will consider those combinations that are between the stages of those
still being invented and those in wide use. We will also restrict our consideration
to those combinations that are intended for structural application. Many, if not
most, of the basic concepts and principles of use will be applicable across the
total range of materials developed. The specific characteristics of the materials
discussed or used as examples will be of those that are advanced in the sense that
their full use potential has not yet been realized. For that reason, a great deal of
attention will be given to those material combinations that incorporate continuous
carbon or graphite fibers as a reinforcing material in a high-performance polymer
matrix. Unlike many metals, polymer composite formulas are often proprietary
to their suppliers. Contact the supplier to determine the best polymer composite
for your application. Suppliers can be identified by contacting the Composite
Fabricators Association at www.cfa-hq.org. They are located at 1010 North
Glebe Road, Suite 450, Arlington, VA 22201, telephone 703-525-0511.

1.1.2 History and Future Developments

Modern polymer composites can trace their origins back to the 1950s when
researchers at Wright-Patterson Air Force Base in Ohio began to investigate the
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properties of plastics that had within them embedded glass fibers. The moti-
vation for these investigations was the search for materials that would meet
the ever-increasing demands for higher performance aircraft. Lighter, stronger,
and stiffer were the guiding principles. In conjunction with companies such as
Owens-Corning Fiberglas and Union Carbide, a high-performance composite of
continuous S-Glass and epoxy was developed. This composite found applications
in such places as the Poseidon missile casing and ballistic armor. It is still an
important material today.

In the 1960s, fibers composed of oriented carbon or graphite began to be
developed. The fibers were of low density and higher stiffness than glass fiber.
As the demands of agencies such as the Air Force and National Aeronautics and
Space Administration (NASA) grew for higher stiffness materials than metal or
glass fiber composites, these carbon/graphite fibers and their composites became
the materials of choice. Today, many consider advanced composites to be those
reinforced with carbon or graphite fiber. In actuality, glass-fiber-reinforced com-
posites continue to find new, advanced uses. The design, manufacturing, testing,
and performance measuring methods for polymer composites containing any fiber
were developed during the time when glass-reinforced composites were finding
expanded usage.

The history of glass and carbon-fiber-reinforced composite development is
documented by several authors. It is not the intent here to review that history
beyond the simple introduction given above. It needs to be pointed out, how-
ever, that the composites developed as a result of the search for stiffer, lighter,
stronger has had some fortunate side effects in other areas. The new materials
also gave the designers more choices of materials for their electrical, thermal,
and corrosion needs. These nonstructural properties will be further explored later
in the chapter.

The future of polymer composite development is mixed. The decade of the
1990s has seen a slowdown in the drive for improvements led by aerospace.
Companies that competed with each other in the need to produce ever more
advanced products have seen the market drastically change. Performance used to
be the differentiating factor. In today’s world, performance with affordability or
value is the key. The industry is looking for new customers in application areas
that were not even imagined when advanced polymer composites were developed.
Golf clubs, tennis rackets, hockey sticks, softball bats, pole vault poles, canoes,
fishing poles, and the like are but the tip of the iceberg for new applications.
Automobile, truck cab and trailer, railroad car, and ship applications are under
active development. The success of these applications will depend upon designers
embracing these materials in their work.

As inventors and applications engineers begin to be comfortable with the type
and nature of these advanced materials, application areas will expand and costs
will come down. It is hoped that this chapter will give to the designer the basic
knowledge and understanding of how these material work, how they are made,
and, most importantly, how they can open design imagination.
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1.1.3 Definition

Stating a simple definition of a composite is a deceptively complex task. It gets
even more difficult if the definition is intended to convey the multitude of options
available. Here are a few examples:

1. Made up of distinct parts or elements

2. A macroscopic combination of two or more distinct materials, having a
recognizable interface between them

3. Two or more materials judiciously combined, usually with the intent of
achieving better results than can be obtained by using individual materials
by themselves

4. High-strength fiber—primarily continuous, oriented carbon, aramid, or glass
rather than randomly distributed chopped fibers or whiskers—in a binding
matrix that enhances stiffness, chemical and hydroscopic resistance, and pro-
cessability properties

Each of these definitions is equally correct. They express an increasing degree of
complexity to the product being defined. They also imply the ability (or difficulty)
to define a material simultaneously with its application. Engineered materials, as
they are often called, now require the designer to consider materials other than
those available to him in the “handbook.” The material he will use is now his
to define, as he needs. This material will be made from parts and elements put
together in a manner chosen to best fulfill the need. The possibilities are immense;
the solutions only limited by imagination.

1.2 CONSTITUENT MATERIALS AND PROPERTIES

The materials that make up the parts of a composite are usually referred to as
the constituents. For a polymer composite, the two basic parts are the polymer
matrix, or resin system, and the fiber reinforcement. In the next section, the
options available for each of these two parts will be presented along with some
specialized intermediate forms of product that form the starting point in the design
of a structure made from a polymer composite.

1.2.1 Fibers

Polymer composites have developed into important structural materials due to
the wide variety of reinforcing fibers that are available. Glass and carbon fibers
are by far the most common types and are produced by a number of manufactur-
ers worldwide. Other fiber materials such as aramid, quartz, boron, ceramic, or
polyethylene are also available and provide unique properties. For applications in
advanced polymer composites, the most common form of the fiber is continuous
tow (carbon) or roving (glass). In this form, continuous filaments have been gath-
ered as untwisted bundles and packaged in spool form. Typically, these packages
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weigh between 2 and 20 1b and are supplied on 11 by 3-in. cores. This product
is the basic element for further processing (either directly or via intermediate
forms) into a polymer composite structure.

Carbon fibers were first commercially produced from a regenerated cellulose
fiber (rayon). Because of high production costs and environmental concerns,
rayon-based carbon fiber is not widely used today. The majority of carbon fiber
available today is made from an acrylic precursor fiber (polyacrylonitrile, or PAN)
and is the most commonly used structural fiber. Fibers made from petroleum or
coal tar pitch are also available and, because of their high modulus and unique
thermal properties, find uses in thermal management applications. PAN-based
carbon fibers are available from a number of sources. Tables 1.1, 1.2, and 1.3
present typical properties of carbon fiber products. The tables are grouped by
tensile modulus grade; low or standard (33—35 Msi), intermediate (40—50 Msi),
and high (>50 Msi).

Today, new fiber developments are producing material with heavier tow count
and lower costs. These materials are usually of the low modulus type and will
find applications in high-volume applications such as automotive, construction,
and infrastructure.

TABLE 1.1 Low Modulus (<275 GPA) Carbon Fibers

Tensile Tensile
Modulus  Strength Elongation Density

Supplier Trade Name Designation (GPa) (GPa) (%) (g/em?)
Toray Torayca T300 230 3.53 1.5 1.76
T300J] 230 4.21 1.8 1.78
T400H 250 4.41 1.8 1.80
T700S 230 4.90 2.1 1.80
BP Amoco Thornel T300 231 3.75 1.4 1.76
T300C 231 3.75 1.4 1.76
T650/35 255 4.28 1.7 1.77
Hexcel AS4 228 4.07 1.8 1.79
AS4C 231 4.15 1.8 1.78
AS4D 241 4.28 1.8 1.79
SGL Carbon  Sigrafil C C10 180-240 2.00 1.0 1.75
C25 215-240 2.50 1.05-1.40 1.78
C30 220-240 3.00 1.25-1.60 1.78
Grafil 34-700 234 4.48 1.9 1.80
34-600 200 4.00 1.7 1.79
Zoltek Panex 33 (45K) 228 3.79 1.5 1.80
Toho Rayon Besfight G30-400 235 3.80 1.6 1.76
G30-500 235 3.92 1.7 1.76
G30-700 240 4.81 2.0 1.76
Fortafil F3(C)50K 227 3.80 1.7 1.80
Nippon Granoc XN-20 200 2.73

HT 230 4.80
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TABLE 1.2 Intermediate Modulus Carbon Fibers

Tensile Tensile
Modulus  Strength Elongation Density

Supplier Trade Name Designation (GPa) (GPa) (%) (g/cm?)
Toray Torayca T800H 294 5.49 1.9 1.81
T100G 294 6.27 22 1.80
M35] 343 4.70 1.4 1.75
M30 294 3.92 1.3 1.80
Hexcel M7 276 5.45 2.0 1.78
M8 303 5.73 1.9 1.79
M9 276 6.00 22 1.79
Grafil Pyrofil MS40 345 4.83 1.3 1.77
MR50 296 5.52 1.9 1.80
Toho Rayon Besfight G40-600 295 4.51 1.5 1.74
G40-800 285 5.79 2.0 1.80
G50-500 345 2.94 0.9 1.79

TABLE 1.3 High Modulus Carbon Fibers

Tensile Tensile
Modulus Strength Elongation Density

Supplier Trade Name Designation (GPa) (GPa) (%) (g/em?)
Toray Torayca M40] 377 4.41 1.2 1.77
M50J (6K) 475 4.12 0.8 1.88
M60J (6K) 588 3.92 0.7 1.94
BP Amoco  Thornel P55S (4K) 379 1.90 0.5 2.00
P75S (2K) 517 2.10 0.4 2.00
Hexcel UHM 440 3.73 .08 1.87
Grafil Pyrofil HS40 455 441 1.0 1.85
HR40 393 4.83 1.2 1.82
Toho Rayon Besfight G55-700 380 4.90 1.2 1.79
G80-600 540 3.82 0.7 1.92
G100-300 650 3.33 0.5 1.97
Nippon Granoc HM 377 4.40
XN60 600 3.50
YS95A 920 3.53

Other types of fibers are used in polymer composites and impart special prop-
erties. Table 1.4 lists many of these along with typical properties and uses. See
Chapter 3 for a more thorough description of these fibers.

1.2.2 Resins

Polymer composites get their name from the type of matrix or binder used to
hold the fibers together to make a solid material of designed properties. The most
important function of the polymer matrix is to allow the fibers to share the loads.
This requires that the matrix be more flexible than the fiber and be attached in
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TABLE 1.4 Miscellaneous Fibers

Tensile Tensile

Fiber Modulus Strength  Density
Type Manufacturer Trade Name (GPa) (GPa) (g/cm?) Uses
PBO Toyobo Zylon AS 180 5.8 1.54 Ballistic protection,
sailcloth,
Zylon HM 270 5.8 1.56 High-temperature
filters
Boron Textron 400 3.6 2.57 Bicycle frames, skis,
aircraft repairs
Quartz Quartz Quartzel 78 3.6 2.2 Radomes, heat shields,
Products high-temperature
applications
Ceramic Nippon Nicalon 193 29 2.55 High-temperature
Carbon applications
Aramid DuPont Kevlar 55-143 2.3-3.4 1.44-1.47 Armor, ballistic
protection
Polyethylene Allied-Signal Spectra 86-103 2.1-2.4 0.97 Chemical resistance,

impact properties

some manner to the fiber. While the method used to manufacture the composite
(to be discussed later) can have a large influence on the effectiveness of the
loading transfer, reinforcing fibers are usually sold with a sizing, or coating, on
them specifically designed to promote chemical bonding between the matrix and
the fiber surface.

The matrix also serves as a coating or protector for the fibers and must there-
fore be chosen not only for its ability to work with the fiber as the load transfer
medium but also for its environmental performance. Polymer matrices can be
divided into two general classifications: thermoset and thermoplastic. As their
names imply, heat is used during processing. A thermoset material is gener-
ally processed as a liquid and crosslinked, or cured, through the application of
heat to form a nonreversible chemical structure. In contrast, a thermoplastic is
melted, formed and then cooled in a reversible process wherein the materials are
not crosslinked. There are even materials, such as the polyimides, that exhibit
characteristics of both types.

The field of polymer chemistry is very broad. Many excellent reference books
exist that detail the molecular structure, processing, and performance of polymers.
In this section, only property information on the most common types of polymers
used as composite matrices will be presented.

Thermoset matrix materials include epoxies, polyesters, bismaleimides, poly-
imides, cyanate esters, and phenolics. Epoxies are by far the most common matrix
material for advanced polymer composites. Table 1.5 lists major types of matrix
materials available, their physical properties, and service limits.

The curing of a thermoset material usually requires the use of a hardener or
catalyst in order to promote the crosslinking process. Three types of materials
are common for crosslinking epoxies: amines, anhydrides, and Lewis acids. Each
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TABLE 1.5 Matrices for Advanced Polymer Composites

Maximum

Typical Cure Service Typical

Temperature ~ Temperature Tensile
Resin Family °F) °F) Properties

Strength (ksi) Modulus (ksi)  Elongation (%)
Epoxy 350 350 8-13 375-500 3-7
350 300

Phenolic 300 300 1.0-1.6 75-150
Bismaleimide 375 450 11.9 620
Cyanate 180 350 12.7 470

type of curing agent will modify the physical properties of the polymer and can
change the processing methods. Matrix suppliers will assist in the choice of
materials and processes for a given application.

Thermoplastic matrix materials differ from thermoset in that they are not
crosslinked materials that require hardeners and heat. Thermoplastic materials
are solids that are formed to shape by heat and pressure. When combined with a
fibrous reinforcement, the composite is pressed or molded into the final desired
shape. The differences in manufacturing methods can sometimes result in savings
of time and equipment cost. Property differences in the final product exist and are
usually the determining factor in the selection of the resin type. Many types of
thermoplastic matrix materials exist. Conventional materials such as polyesters,
polystyrene, nylon, and the like are not usually thought of as advanced thermo-
plastic matrices even though they are widely used in automotive, medical, and
other commercial applications.

1.2.3 Prepregs

Composites are manufactured by combining fibers and resin in a mold or on a
form that defines the final product shape. This can be done in one step by a wet
lay-up method or through the use of an intermediate product known as a prepreg.
A prepreg is a product form in which the reinforcing fibers are preimpregnated
with the polymer matrix resin and partially cured to form a sheet or tapelike
material. Many fiber and resin suppliers also supply prepregs. Other companies
are just prepreg suppliers. The prepreg allows precise control over the relative
proportions of resin and fiber in the composite and allows fiber orientation to
be controlled. The development of this intermediate product form has had a
large impact on the expanding use of polymer composite structures. While there
are generic types of prepregs available, almost any fiber—resin combination is
possible. The reinforcements can be contained in the prepreg as parallel fibers
(unidirectional), woven fabrics of textile types, nonwoven cloth, or braids. The
choice of a particular product form is closely related to the manufacturing process
to be used and to the complexity of the final product.
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1.3 DESIGN OPTIONS

The preferential incorporation of reinforcing fibers into a polymer matrix opens up
the design options available. At one end of the spectrum there are unidirectional
fiber-reinforced materials that maximize the use of the available strength and
stiffness of the fiber and produce a product that is highly directional in its prop-
erties. At the other end are random or multidirectional fiber materials whose
properties approach isotropy.

1.3.1 Final Products

Today, advanced polymer composites find their greatest use in the aerospace
sector where they were initially developed. Stealth aircraft such as the F-177
and the B-2 are only possible because of the unique properties of advanced
polymer composites such as high strength and light weight. From helicopter
blades to rocket motor casings to ballistic armor, these materials have fueled
a revolution in new product applications. Initially, many projects attempted to
replace a metal part with composite parts by direct substitution. This did not often
work well. The unique properties of composites could not be incorporated in a
part substitution and the resultant product frequently was more expensive than
the original. Fortunately, as time passed, designers became more familiar with
composite design methodologies and designed new products with composites in
mind from the concept stage. The following section outlines the design approach.

1.3.2 Introduction to Methodology

The design of structures with advanced polymer composites proceeds through
the application of classical lamination theory. Individual laminae, or plies, are
stacked with the fibers oriented in various directions to build a laminate with the
desired properties. Designers are used to working with materials such as plastics
and metals that are described as homogeneous and isotropic. That is, the materials
properties are not dependent upon the position or orientation in the material. For
these classes of materials in a plane stress state, the relationship between stress
and strain is described through the elastic constants Young’s modulus E, and
Poisson’s ratio, v.

However, a laminated composite material cannot usually be accurately descri-
bed this simply. Homogeneous orthotropic, homogeneous anisotropic, heteroge-
neous orthotropic, and heterogeneous anisotropic are additional descriptions that
may be required to accurately analyze a laminated material. Fortunately, this
complexity is not often required and, with the advent of modern software, is
even manageable on desktop computers. For the balance of this section, we will
make the assumption that a composite exhibits homogenous orthotropic behav-
ior. We will also consider a special ply configuration that approaches isotropic
behavior—quasi-isotropic.
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1.3.3 Laminae

As indicated previously, a homogenous, isotropic material requires two indepen-
dent constants to describe its stress—strain behavior. A homogeneous, orthotropic
composite material has three perpendicular planes of material property. If the
axes are chosen to coincide with the reinforcing filament direction, then this set
is called the principal lamina direction. Dimensionally, these laminae are phys-
ically thin compared to their length and width. Although the thickness stresses
are small and as applied in a laminated structure, a state of plane stress or plane
strain is assumed. This leads to the need for four independent elastic constants
in order to describe the stress—strain response: Eq; and E;;, Young’s modulus;
G2, shear modulus; and v;,, major Poisson’s ratio. This description of a lamina,
or ply, is most common in the design of a laminated composite structure. Testing
of ply materials is most oriented toward establishing these constants.

1.3.4 Laminates

When multiple layers of lamina are combined and act structurally as a single
layer, a laminated composite is created. To analyze a laminated composite struc-
ture, the designer must know the properties of each layer and how the reinforcing
fibers are oriented with respect to one another, that is the stacking sequence.
For example, a laminate consisting of 16 individual layers may have the fibers
oriented in the following fashion:

Two layers with fibers at 0°
Two layers with fibers at 90°
One layer with fibers at +45°
Three layers with fibers at —45°
Three layers with fibers at —45°
One layer with fibers at +45°
Two layers with fibers at 90°
Two layers with fibers at 0°

This description is quite lengthy and shorthand methods have been developed to
present the information:

[0,/90,/45/ — 453/ — 455/45/90,/0,]1 or
[02,/90,/45/ — 456/45/90,/0,]1 or
[02/90,/45/ — 453]s

Each of these methods describes the laminate. In the first method, each of the
orientations is given along with the number of layers indicated by the subscript.
The [ ]’s and the subscript T indicate that this is a description of the total lam-
inate. The second method simply combines the two —45° layer groups into one.
The third description, however, recognizes an important property of this particu-
lar lay-up sequence. It is symmetrical about the centerline of the laminate. Only
one-half of the stacking sequence is explicitly listed, and the subscript T is replace
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by S to indicate the symmetry. While lamination theory can accurately analyze
any stacking sequence, the condition of midplane symmetry is an important one
for the designer of polymer composite structures. Nonsymmetrical lamina lay-
up can result in out-of-plane bending and twisting under mechanical or thermal
stress that must be considered.

In addition to midplane symmetry, there is one other design concept that is
usually followed by designers. That is, the stacking sequence is usually “bal-
anced.” This means that there are an equal number of plies at angles of +6 and
—0. Construction that follows this convention will avoid the shear coupling that
is present in a single orthotropic lamina.

Lamination theory describes the stress—strain response of stacked orthotropic
lamina. This behavior can be used to analyze the strength of the laminate if the
assumption is made that the basic strength criteria for the lamina remain valid in
the laminate. Under this assumption, a strength analysis proceeds by determining
the individual ply stresses and/or strains in the laminate and comparing them to
the allowable for the ply. Failure is often deemed to have occurred when one of
the plies exceeds an allowable stress—strain limit. This first ply failure does not
necessarily lead to complete failure of the laminate, as the failed ply may transfer
some or all of the load it carried to another ply in the laminate and not exceed an
allowable at that location. Procedures are available to analyze ply-by-ply failure
sequences but are usually used as part of a failure analysis process rather than a
design study.

A final word on composite laminate and ply failure. Since a fiber-reinforced
lamina is modeled most frequently as an orthotropic material, the use of a failure
criteria such as the maximum principal strain criteria used with isotropic materials
is not applicable. A maximum strain criteria for an orthotropic material requires
that the strains developed under load be referred to the lamina principal axes
and evaluated against the tensile and compressive allowable for the lamina. This
leads to the need for five failure strains; tensile and compressive limits in the fiber
direction, tensile and compressive limits in the transverse to the fiber direction,
and an in-plane shear limit. Other failure criteria, such as the Tsai—Wu criterion,
are developed as yield surfaces that depend upon the interaction between the
lamina principal direction and shear yield strengths. Commercial computer soft-
ware for analyzing laminated composite structures is available. These packages
can be customized to allow input of new materials, modified failure limits, and
failure analysis methods.

1.4 TESTING/ANALYSIS

1.4.1 Mechanical Properties

The mechanical properties of polymer matrix composite materials depend upon
the type of fiber and resin used, the relative percentages of each, the laminate
lay-up, and the method of manufacture. The properties presented in this chapter
are focused upon the fiber and resin materials that make up the composite. These
are the product forms most often purchased by a user who combines them into
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a laminate. In this section, the methods used to determine the constituent and
laminate properties commonly used in selecting materials will be reviewed.

The fiber properties presented in the previous tables are typical of what a
potential buyer will encounter. The tensile strength, tensile modulus, and elon-
gation are usually determined by the impregnated strand test. Over the past few
years, industry standard test methods have been developed for determining these
properties. The properties are, thus, reasonably comparable between manufactures
in a general sense. The test is also useful for quality control purposes.

Fiber density is an important property. Often it is specific strength or modulus
that controls the applicability, especially in weight and stiffness critical areas.
There are also industry standards that can be used to measure this property.

The important properties of the polymer matrix resins used in advanced com-
posites are both chemical and mechanical. For uncured thermoset resins, the
important properties are related to the processing method to be employed. Vis-
cosity, gel time, cure temperature, and the like all must be considered in order
to properly process and cure the composite. The test methods used are common
in the polymer manufacturing business and can be found in many references.

One of the most important properties of a cured thermoset resin is the glass
transition temperature (7). This parameter is both a measure of the completeness
of the cure and an indication of the maximum service temperature of the com-
posite. Differential scanning calorimetry (DSC) and dynamic mechanical analysis
(DMA) are two common techniques. DSC measures the amount of heat given
off (or absorbed) in a resin sample as the temperature is increased. When the
T, no longer changes the resin is completely cured. With the DMA technique
the response of the resin to mechanical stress is monitored with respect to tem-
perature. The temperature at which a significant change to the elastic moduli is
observed is the T,. Since these methods measure two different parameters, they
can give two different estimates of 7,. Care should be taken when reviewing
supplier data as the method used is not always indicated.

As prepregs are an intermediate product from that combines fiber and resin
in a specific ratio and partially processes the resin, it is important to know that
the ratio and the “b-staged” resin are properly prepared. The fiber—resin ratio is
measured by the aerial weight, or in grams per square meter, of fiber. Since this
property is chosen by the application requirements, it is not a handbook type of
quantity. A typical value for this parameter will place the fiber fraction at ~60%
by volume.

In the cured laminate, the calculation of the relative amounts of fiber and
resin is an important measure of the quality and proper processing history of
the material. ASTM methods are available for determining these ratios and for
determining the void content. Void content can have a detrimental effect on the
properties of the composite and is usually limited to 1 or 2% of the material’s
volume. The technique involves burning (in the case of glass fiber) or chemically
digesting (in the case of carbon fiber) the resin matrix. The relative weights (W)
of fiber and resin, when combined with the densities (D) of the composite (C),
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fiber (F) and resin (R) will yield the void content:
V, = 100[1 — D¢/ Wc(Wg/Dg + Wr/Dp)]

The tensile properties of an advanced polymer composite material are usually
measured with a flat coupon. ASTM D3039 is one test method standard that can
be used. The test is applicable to unidirectional and oriented laminates. It differs
in purpose from the impregnated strand test previously discussed. The structural
fiber—resin ratios are more closely represented in the coupon test, and the results
are more applicable to the actual planned use. The influences of the matrix and
fiber-to-matrix interface are more evident. Testing at elevated temperatures and
after exposure to other environmental conditions often use this specimen. ASTM
methods also are available to govern the procedures used.

Compressive properties of polymer—matrix composites are difficult to mea-
sure. The ASTM provides a recommended method but many users develop their
own. Again, the purpose of compressive testing is often to evaluate the perfor-
mance of a fiber—resin combination to various service environments. Numerous
tests for shear properties have been developed. A shear test is often used to
measure the effectiveness the fiber—resin interface. The ASTM, again, provides
methods to follow. A simple test such as ASTM 2344, apparent interlaminar
shear strength, is often used for quality control and comparative purposes. ASTM
D3518 is a procedure for measuring shear strength and modulus design data.

1.5 NONDESTRUCTIVE TESTS (QUALITY ASSURANCE)

Nondestructive tests of polymer matrix composites have received a great deal
of attention. The difficulty and expense of performing destructive tests on actual
structures have spurred the search for testing techniques that verify performance
(quality assurance) without destroying the product. While no standard nonde-
structive tests for product quality exists, the use of ultrasonic techniques have
become quite sophisticated. The ability to detect delaminations, inclusions, and
voids on complicated geometries has made the test routine easier in many pro-
grams. Similarly, the use of infrared thermography to detect flaws or damage has
developed recently.

1.6 ENVIRONMENTAL PERFORMANCE

1.6.1 Temperature

The service or operating temperature of a polymer matrix composite is probably
the most important parameter considered in choosing the chemical nature of the
matrix. In Table 1.5, the glass transition temperature, T, is an indication of the
maximum service environment. The operating temperature is kept below the T,.
Polymer matrix composites are limited to 260°-316°C (500—600°F) applications.
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Above these temperatures, metal or ceramic matrices are required. Testing for
temperature effects is usually done by performing several of the mechanical
tests previously described at elevated temperature. In general, tests that stress the
matrix, such as shear and compression, will show the greatest effect. Temperature
effects are generally reversible provided that the temperature exposure has not
been high enough to cause physical damage to the matrix.

1.6.2 Moisture Exposure

Moisture tends to “plasticize” or soften the matrix. As with temperature effects,
the composite properties are measured after exposure to water for varying times
and at varying temperatures. Moisture effects, like elevated temperature effects,
are generally reversible.

1.7 FABRICATION

1.7.1 Methods and Processes

1.7.1.1 Overview

The manufacture of a composite structure requires that the constituent fiber and
resin be combined in a specified ratio, with the fibers in a chosen orientation
and heated to cure or form the final product. The details of how this process is
accomplished will ultimately determine the properties of the composite structure.
Many of the techniques used have evolved from processing knowledge for plastic
molding. Indeed, in the automotive sector, the composites manufacturing methods
used most frequently are termed liquid molding and are similar to the resin
transfer molding process used in the aerospace sector. The principal difference is
the speed requirements for the product. And therein lies the challenge for modern
advanced composites. The tolerable cost of manufacturing is dependent upon
the end use. Low-volume application areas, such as aircraft or space, typically
utilize the more expensive methods, and high-volume areas, such as automotive
or infrastructure, require that costs be low. The processing methods that will
be outlined in this section will follow manufacturing evolution from manual,
labor-intensive methods to highly automated and rapid methods.

1.7.1.2 Processes

Manual Lay-up The simplest technique used to make a composite structure is
the manual lay-up method. Fibers are laid on a form and liquid resin is added and
distributed throughout the fibers by hand rolling. After the desired thickness is
attained, the product is allowed to cure, either at room temperature or in an oven.
This method is time consuming and produces composites of low quality. Much
effort has been undertaken in the industry to improve the manual lay-up method.
The development of prepreg materials was a significant advancement. Better
control of the fiber—resin ratio and simpler lay-ups, combined with autoclave
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curing, produced better parts. Figure 3.15 shows the Filament winding technique
used for composites.

Automated Tape Laying New machines have been developed that aid in the
lay down of prepreg. These tape-laying machines are programmed to follow the
contours of the mold, laying down prepreg tape in prescribed orientations and
applying heat and pressure automatically. The head can follow reasonably gentle
contours and, with some models, can automatically add or drop tape layer. The
lay-up usually still requires vacuum bagging and autoclave curing.

Filament Winding The filament winding process can be a very cost-effective
method for producing a composite part. As its name implies, the method consists
of wrapping fibers around a mandrel in layers until the desired thickness is
reached. A winding machine allows the fiber orientation to be varied thereby
allowing the composite part to develop the design property profile. Matrix curing
is most often done in an oven, although autoclave curing is occasionally used.

Resin Transfer Molding In resin transfer molding (RTM), a mold is filled
with reinforcement and injected with resin. Cure takes place in the mold and the
composite takes the shape of the mold. There are variations on this basic tech-
nique depending upon how and when the fiber and reinforcement are combined
and cured. Reaction injection molding (RIM), structural reaction injection mold-
ing (SRIM), vacuum-assisted resin transfer molding (VARTM), and resin film
infusion (RFI) are types that have been developed, usually first for a specific
part need.

Pultrusion  Pultrusion is the process where bundles of resin-impregnated fibers
are cured by pulling them through a heated die. The addition of glass or car-
bon fiber to the pulling process yields a product that maximizes strength and
stiffness in the pulling direction. When combined with part rotation and overwrap-
ping techniques, pultrusion can produce a wide variety of structural composite
shapes.

1.7.1.3 Tools

Advanced composites are formed on tools. The preceding process illustrations
contain tooling adapted for the composite forming method used. Pressure and
cure/forming temperatures are primary drivers for the design and materials cho-
sen. Production quantity is also an important factor in tooling selection. Com-
posites, themselves, are often used as tooling materials. As the cost of raw
materials comes down, manufacturing costs, tooling, and speed became the bar-
riers to the introduction of an advanced composite part into a high-volume
application.

Machining The machining of polymer composites differs from both the machin-
ing of metals and plastics and requires consideration of techniques used in both.
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TABLE 1.6 Adhesive Bonding vs. Mechanical Fastening

Property/Performance Adhesive Bonding Mechanical Fastening
Stress concentration/delamination X

Peel strength X

Bearing Strength X

Ease of construction X
Environmental performance X
Disassembly X

Cost X

Composites are usually made near net shape. They usually require trimming,
sanding, painting, drilling, grinding, and the like. Composites are weak in the
directions transverse to the fibers and are subject to delaminating. Generally,
the same types of tools that are used for metalworking can be used. Tooling
companies sell special tools designed for composites with specific kinds of rein-
forcement. Carbon tends to be brittle and Kevlar tough. Tools tipped with carbide
or impregnated with diamond flakes are common. Cooling may be necessary to
prevent overheating and damaging the matrix material.

Assembly/Joining Adhesive bonding is the most common method used for
joining polymer composites. The adhesives used can be one-part or two-part
adhesives and cure at room temperature or elevated temperature. The materials
are similar to those used for matrix materials and chosen with many of the same
considerations in mind. Surface preparation is extremely important to the quality
of the bond as is the choice cure cycle. Mechanical fastening uses methods similar
to metal joining, that is, rivets, bolts, pins, and the like. Care must be used as
a hole will reduce the strength of the composite and increase the potential for
delamination. Often, reinforcing pads, doublers, must be used. Fastener materials,
especially in carbon composites, can cause galvanic corrosion. Hence, nickel,
nonmetal, and titanium are commonly used. Table 1.6 lists some of the property
and performance considerations in the choice of assembly method.

1.B FATIGUE OF GLASS-FIBER-REINFORCED PLASTICS
UNDER COMPLEX STRESS STATES

1.8 INTRODUCTION

Design allowables of general applicability for fatigue-critical composite struc-
tures cannot be easily established. Different material systems, that is, type of
reinforcement and matrix, lamination sequence, load cases definition, and geom-
etry of structural component usually result in case-specific situations treated more
or less as such. The reason is that aforementioned parameters affect differently
a multitude of failure mechanisms, for example, fiber breaks, matrix cracking,
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debonding, delaminations and the like, that are propagating in a different way and
rate. Therefore, what has been observed in the past during the development of
a structural composite application is an initial phase with intensive experimental
efforts to produce large databases on fatigue strength of specific material systems
and a subsequent assessment period in which design allowables, fit to purpose,
are extracted. Safety levels are set by design standards and are mainly based on
empirical partial safety factor approaches.

Fatigue behavior of carbon-fiber-reinforced epoxies (CFRP) has been exten-
sively investigated the last 25 years due to the concentrated effort in developing
composite structural components for aeronautical applications. Most aspects of
fatigue-related engineering problems, that is, life prediction, property degrada-
tion, joints design and the like, were confronted leading to the adoption of design
allowables and large amount of published data, for example [1-5]. Yet, damage
tolerance issues have not been treated efficiently [6] due to many reasons, the
main one being the lack of definition of a generalized damage metric, for example,
such as the crack length in metals, that could be of use with different lay-ups and
material configurations [7]. In addition, the effect of variable amplitude loading
on remaining life and fatigue under complex stress states have only received
limited attention.

Structural response to cyclic loads of glass-fiber-reinforced plastics (GFRP)
extensively used in a number of mechanical engineering applications such as
leisure boats, transportation cars, and the like, has not been investigated at any
significant extent until 15 years ago. Due to the amazing growth of wind energy
industry, especially in Europe, much effort was spent the last decade in establish-
ing fatigue design allowables of GRP (glass-reinforced polyester), in particular,
laminated composites for wind turbine rotor blades. Lots of experimental data
were produced characterizing fatigue strength of matrix systems such as polyester,
epoxies, and vinylester reinforced by continuous glass fibers in the form of woven
or stitched fabrics and unidirectional roving [8—17]. The effect of both constant
and variable amplitude, that is, spectral, loading conditions was investigated.

However, limited experimental data and design guidelines are available of the
complex stress state effect, produced either by multiaxial or off-axis loading,
on fatigue behavior of GFRP laminates. Existing studies [18—22] point out the
strong dependency of fatigue response on load direction, as a result of material
anisotropy and indicate the need to continue research on this topic including
effects of spectral and nonproportional loading.

Experimental results are presented herein from a comprehensive program con-
sisting of static and fatigue tests on straight edge coupons cut at various on- and
off-axis directions from a GRP multidirectional (MD) laminate of [0/(%45),/0]t
lay-up. Fatigue behavior of off-axis loaded laminates, that is, complex state of
stress in material principal directions, is investigated in depth for several off-axis
orientations. This includes derivation of signal—noise (S—N) curves at various R
ratios (R = Omin/Omax), Statistical evaluation of fatigue strength results and deter-
mination of design allowables at specific reliability levels. Constant life diagrams
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are extracted for the various off-axis directions and are compared with existing
data from similar material systems.

Several investigators have been concerned in the past with the multiaxiality of
fatigue stresses. Hashin and Rotem [23] first, proposed a fatigue strength criterion
for fiber-reinforced plastic (FRP) materials, based on the observed failure modes.
For unidirectional materials two distinct failure modes exist, fiber and matrix
dominated, respectively, whereas for laminated composites a third mode was
introduced to cope with delaminations [24]. To use the criterion, experimental
determination of three S—N curves is assumed, that is, axial loading in the fiber
direction, transversely to it and shear loading in the principal material directions.
Application of the criterion is limited to materials for which failure modes can
be separated, that is, it cannot be used for woven or stitched fabrics. Fawaz
and Ellyin [25] proposed a multiaxial fatigue strength criterion that needs less
experimental data as input, that is, only one S—N curve and the static strength
properties. Other authors have also attempted to modify existing static failure
criteria to cope with cyclic loads [18, 19, 26, 27].

A quadratic failure polynomial criterion, introduced in [20] to predict fatigue
strength under complex stress states, is shown to forecast satisfactorily material
response under off-axis and multiaxial loading for all the cases of stress ratio R
considered in this study.

Besides strength prediction and fatigue behavior under off-axis loading, stiff-
ness reduction measurements were performed as well. By continuously mon-
itoring force-displacement loops, longitudinal Young’s modulus is derived as
a function of the number of cycles. Its variation, depending on the applied
stress ratio and off-axis load orientation, is modeled by a simple empirical
equation [28], which is shown to fit satisfactorily the experimental data. It is
observed in general [21, 22] that the higher the cyclic stress range, the lower
the stiffness reduction with increasing number of cycles, and this is particularly
true for alternating load, R = —1 Furthermore, a systematic statistical analysis
for all stress ratios, R, and off-axis orientations proved that irrespective of stress
amplitude level, modulus degradation data are fitted satisfactorily by standard
statistical distributions.

Stiffness degradation measurements for various R values were used to define
fatigue design curves corresponding to specific modulus degradation and not to
failure. In that case, test points in the S—N plane denote that under cyclic stress, o,
a predetermined stiffness reduction is reached after N cycles. The corresponding,
stiffness-controlled, fatigue design curves, denoted as Sc—N, can serve better the
requirements of design and full-scale testing of structural components made of
FRP materials. For example, in wind turbine rotor blade testing [29], functional
failure is said to correspond to irreversible stiffness reduction of up to 10% and
therefore, Sc—N based fatigue design of the blade must be used instead to comply
with eventual certification requirements.

For the GRP material database presented herein, Sc—N curves were determined
and compared to fatigue strength allowables [22]. It was shown that these two
families of curves can be correlated, and, therefore, it was possible to derive
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design allowables corresponding to predetermined levels of stiffness degradation
and survival probability. Most interesting is the fact that by considering only half
of the data used, that is, virtual 50% test cost reduction, Sc—N curves could be
still accurately defined, pointing out the way for a potential testing time reduction
for other composite material systems as well.

1.9 THEORETICAL CONSIDERATIONS

1.9.1 Fatigue Strength

In predicting fatigue life of structural components made of, for example, compos-
ites, there are at least two alternative methodologies that could be used depending
on the damage tolerant or safe-life design concept adopted for the specific struc-
tural part. In the former case, it is assumed to consider a damage metric such
as crack length, delaminated area, residual stiffness, or residual strength, and
by means of a criterion correlate this metric to fatigue life. In safe-life design
situations, cyclic stress or strain amplitude are directly associated to operational
life through S—N or e-N curves. Under complex stress states, multiaxial limit
state functions are introduced that are usually generalizations of static failure
theories to take into account factors relevant to the fatigue life of the structure,
that is, number of cycles, stress ratio, and loading frequency. Due to the fact
that damage-tolerant fatigue design of composite structures is still in its infancy,
and much more research is needed to establish reliable methodologies of general
applicability, most of the industrial applications with this type of materials are
safe-life parts.

One of the first attempts for generalizing a multiaxial static failure theory
to account for fatigue, was made by Hashin and Rotem [23]. They presented
a fatigue strength criterion based on the different damage modes developing
upon failure. For unidirectional materials there are two such modes, mode I, or
fiber failure mode, and mode II, or else matrix failure mode. The discrimination
between these two modes is based on the off-axis angle of the reinforcement with
respect to the loading direction. The critical angle, as shown in [23], is given by:

v fi(R,N,v)

o) f/(R,N,v)’ @b

tan 0, =

where t* and o, stand for the static shear and longitudinal (axial) strength,
respectively, while functions f;(R, N, v), f'(R, N, v) are the fatigue functions of
the material along the same directions. The S—N curves of the material are given
as the product of the static strength along any direction and the corresponding
fatigue function. In the above equation R = 0pin/0max, N is the number of cycles
and v the loading frequency.

If the reinforcement forms an angle less than 6., with respect to the loading
direction, then mode I is the prevailing mode of failure, else mode II is the one
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that leads to fatigue failure. Thus, the failure criterion has two forms:

o4 =0

or\2 /T2 (1.2)
o) (@) =t
o T
where superscript u# denotes fatigue failure stress, or else the S—N curve of the
material in the corresponding direction, and subscript 7' stands for transverse to

the fiber direction. It can be shown that any off-axis fatigue function (failure
mode II) can be given as a function of f;, fr, T%, 0} and the angle 0 [23]:

1+ (x*/0%) tan® 6
1+ [(v/o7) (fo/fr)]* tan® ©

Equation (1.3) can be used for the calculation of any off-axis fatigue function
but also to calculate fatigue functions f;, fr from two different off-axis, exper-
imentally obtained, fatigue functions. For the application of this criterion three
S—N curves need to be defined experimentally, along with the static strengths of
the material.

For multidirectional laminates [24], the situation is far more complicated. As
each lamina is under a different stress field, failure may occur at a ply after a
certain amount of load cycling while the other plies could be still intact. These
differences, along with inherent inhomogeneity, produce interlaminar stresses,
capable to cause successive failure, probably with different damage mechanisms.
In order to take into account these stresses, another failure mode, interlaminar,
is established and the set of equations (1.2) is supplemented by:

o5\ 2 ©\?

d d
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where superscript ¢ denotes cyclic stress and subscript d delamination failure
mode, respectively.

The Hashin and Rotem [23] failure criterion can predict fatigue behavior of
a unidirectional (UD) or multidirectional (MD) laminate subjected to uniaxial
or multiaxial cyclic loads provided that the discrimination between the failure
modes exhibited during fatigue failure is possible.

Fawaz and Ellyin [25] proposed a fatigue strength criterion suitable for UD and
MD materials under multiaxial cyclic loading. The criterion has attractive features
as it needs only one experimentally obtained S—N curve and some static strengths.
The multiaxiality is entered through any acceptable static failure criterion, and
the predicted S—N curve is given by:

f"(R,N,n) = fr\/ (1.3)

S(ar, a2, 0, R, N) = h(ay, ap, 0)[g(R)m, log(N) + b, ], (1.5)
as a function of a reference S—N curve, known by experiment, given by:

S, = m, log(N) + b,. (1.6)
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In the above two equations, subscript r denotes reference direction and o, is the
first biaxial ratio, a; = 0, /0y, while o, is the second biaxial ratio, oy = T,,/0y;
x and y refer to a global coordinate system rotated at an angle 6 from the
principal material system and R is the cyclic stress ratio defined, as usual, by
R = 0pin/0max. Functions i and g are dimensionless and are defined by:

,0
h(or, s, 0) = % (1.7)
0—max(l - R)

Omax, — Omin,

g(R) = (1.8)

where o, (o, o, 0) is the static strength in the x direction and X, is the static
strength in the reference direction.

As can be seen from Eq. (1.8), function g is introduced to account for different
stress ratios R. When stress ratio for the reference S—N curve (R, ) is the same as
the stress ratio of the S—N curve under prediction, then g = 1, while for R = 1,
g=0.

Recently, Jen and Lee [26, 27] modified Tsai—Hill failure criterion to cope
with cyclic loading, and as shown in [26], fatigue life prediction of AS4 car-
bon/PEEK APC-2 laminates at various stress ratios was quite successful. The
failure functions read:

2 2 2
o o 010 (oF
(_—‘) +(_—2) —%+(_—6) ~1=0, (1.9)
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where o; =0;(N, R,v), i =1,2,6 are the applied cyclic stresses and o; =
G;(N, R,v) denote the respective fatigue strengths in principal material
coordinates, being functions of cycle number N, stress ratio R, and frequency v.

Depending on the loading, tension—tension (T-T), compression—compression
(C-C), or T-C, o; in Eq. (9) are derived from experiments under similar load-
ing conditions.

A modification of failure tensor polynomial [30] to account for fatigue loading,
henceforth denoted by FTPF, was used in [20] to predict fatigue strength under
multiaxial stress. The failure tensor polynomial for orthotropic media expressed
in material principal coordinate system, under plane stress, is given by:

Fi10% 4 Fy03 + 2F120102 + Fio + Fy0; + Fesoz — 1<0, (1.10)

with the components of the failure tensors given by:

Fi =
(1.11)
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where X, X’ stand for tension and compression strengths along direction 1 of
the material symmetry coordinate system, Y, Y’ are the corresponding values for
the transverse direction, while S is the shear strength. Failure tensor polynomial
criterion with the form of Eq. (1.10) is valid for orthotropic materials or materials
of higher symmetry. The choice of the off-diagonal term of failure matrix Fj;, Fi»
was shown to lead to completely different failure theories [31]. Nevertheless, for
simplicity, the form of F|, used in this study is given by [32]:

Fiy = =3 Fii Fx. (1.12)

Failure tensor polynomial in fatigue (FTPF) assumes the same functional form
as Eq. (1.10):
F,'jO‘iO‘j + F;o; — 1=<0, i,j= 1,2,6. (1.13)

However, the components of failure tensors Fj;, F; are functions of the number
of cycles N, the stress ratio R, and the frequency v, of the loading:

Fij = Fij(N, R, v), F; = Fi(N, R, v). (1.14)

Experimental evidence gained so far for any type of continuous fiber-reinforced
polymers, at least, strongly suggests the form of functional dependence of failure
tensor components shown in relation (1.14). This implies an increased complexity
of experimental strength characterization with respect to static loading since it
is not sufficient anymore to discriminate just between tension or compression,
but also between the same type of loading, for example, tension, at different
R values or loading frequency v. Therefore, fatigue strength of an orthotropic
material, in-plane stressed, is characterized by three S—N curves [20]:

X(N,R,v) = Ax + BxlogN,
Y(N,R,v) = Ay + By log N, (1.15)
S(N,R,v) = As + Bglog N.

Failure tensor components are defined by:

1 1 1
W=, Fro=—F—7—, Foo = ——7—,
"7 X2(N R, ) 27 Y2A(N, R,) “7 2N, R,v)
: (1.16)
Fi, =— , =FKL=F=0
7 T2X(N,R.v)Y(N, R, v) PTm e
Strength for certain values of R and v is predicted using the equation:
2 2 2
o, % 9% L % _q_ (1.17)
X2(N)  Y3(N) X(N)Y(N) S%(N)
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provided the three S—N curves X (N), Y (N), and S(N) are derived for the same
loading conditions, R, v. In case the complex stress field is produced by multiaxial
loading of nonproportional characteristics, resulting in different R; ratios and v;
values for each stress component, o;, then, the corresponding X (N), Y (N), and
S(N) strengths, to be used in Eq. (1.17), must be known experimentally for the
same R;, v; conditions.

The experimental characterization of X (N), Y (N) is performed through uniax-
ial testing of straight-edge flat coupons cut along the respective principal material
direction. For S(N), it was proposed in [20] to use the value of half the fatigue
strength of a flat coupon cut off-axis at 45° and loaded uniaxially. This choice
yielded satisfactory results for alternating loads, R = —1, but its performance
was less effective for other loading types. Therefore, it is proposed to determine
S(N) by fitting Eq. (1.17) to the experimental S—N data derived from uniaxial
testing at a suitable off-axis orientation.

1.9.2 Stiffness Reduction During Fatigue Life

Monitoring and evaluation of stiffness changes during operation can give use-
ful information on the integrity of a composite structure. Prediction of gradual
decrease of elastic moduli due to the cyclic loading is essential, inter alia, for
design purposes. Many investigators, even from the early years of composite
material applications, were considering stiffness as a suitable damage metric and
used stiffness degradation to account for damage accumulation in the material
under consideration, for example, [3, 33—-38]. However, to the author’s knowl-
edge, no fatigue theory based on stiffness degradation has gained wide acceptance
among scientists nor has inspired confidence to designers. One could mention sev-
eral reasons, but the truth is that prediction of stiffness degradation during fatigue
life is not a simple matter. There is a number of parameters that influence the
variation of stiffness, such as material system, loading conditions, cyclic stress
level, stress multiaxiality, and the like. The knowledge of interaction rules of all
these factors is essential for the formulation of a viable theory for prediction of
stiffness degradation. Therefore, for design purposes, simple as possible mod-
els predicting stiffness reduction should be used, having parameters that can be
reliably defined through standard fatigue tests under specific loading conditions.

For GFRP composites and especially those material systems and stacking
sequences used in the fabrication of wind turbine rotor blades, stiffness degrada-
tion measurements were intensively carried out the last decade and reported in
the literature [§—12, 21, 22, 28]. The resulting trend from all the experimental
studies on stacking sequences of practical interest, that is, usually combinations
of (0°) and (445°) fabrics, is that after the very few first cycles there is an
abrupt stiffness reduction, followed by a long period of slow linear degradation
and finally a steepest stiffness variation is observed prior to final failure.

Based on the experimental evidence, an empirical model for the description
of stiffness changes and the prediction of stiffness-controlled design curves was
introduced in [28] and further validated for different material systems and loading
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conditions in [21, 22]. A brief outline of the model, which is further exploited in
the present study for predicting stiffness degradation and derive corresponding
design allowables, is given below.

The degree of damage in a polymer matrix composite coupon can be evalu-
ated by measuring stiffness degradation, Ey/E;, where E; denotes the Young’s
modulus of the material measured at the first cycle, different in general from the
static value Ey, and Ey the corresponding one at the Nth cycle. It is assumed
that stiffness degradation can be expressed by [28]:

E ¢
=N k() W (1.18)
E, Ey

Material constants, K and ¢, in Eq. (1.18) are determined by curve fitting the respec-
tive experimental data for Ey/E/, depending on the number of stress cycles, N,
and the level of applied cyclic stress amplitude, o,. Recasting Eq. (1.18) in the

following form:
L= (En/E) _ [c_]

1.19
N E, (1.19)

allows easy determination of model constants. Notice that these model character-
istics depend strongly on applied stress ratio R and stress multiaxiality. Relation
(1.18) also establishes a stiffness-based design criterion since for a predetermined
level of Ey/E/, for example, p, one can solve for g, to obtain an alternative form
of design curve, henceforth denoted by Sc—N, corresponding not to material fail-
ure but to a specific stiffness degradation percentage (1 - p)%. The Sc—N curves
for any specific stiffness degradation level, Ey/E], can be easily calculated by
means of the following equation:

_ 1/c
M} ) (1.20)

G“:EO[ KN

1.9.3 Statistical Evaluation of Fatigue Strength Data

Strength data from each set of on- and off-axis fatigue tests were subjected to statis-
tical analysis to determine characteristic values. The methodology used [39, 40] is
briefly discussed below. The form of the S—N equation is assumed to be given by:

0, = ooN VK, (1.21)

where N is the number of cycles to failure, o, denotes the stress amplitude level,
and k, o( are material constants.

Irrespective of stress level, the probability of survival after N cycles is assumed
to be given by a two-parameter Weibull distribution:

Ps(N) = exp [— <%> f} . (1.22)

Calculation of constants oy and k of Eq. (1.21) is performed as follows:
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A two-parameter Weibull distribution is fitted to the data of the ith stress level:
N\
Ps(N;) = exp [— (ﬁ) i| i=1,...,m. (1.23)

The parameters oy; and N; of each Weibull distribution are determined by the
following maximum-likelihood estimators:

ZNié;ﬂ In N;; + (n; _ri)Ngifi In N, i

- RN !

Jj=I ——ZlnNij_A_z()’ (1.24)
ri % o

ZN(’M_’_(”[ _rz)Naf’ /!
j=1

and .
1/0(/,'

Z N“‘" +(n; — r,)N"‘" . (1.25)

In the above equations, n; is the total number of coupons tested under the ith
stress level, o,,, 7; is the number of failed coupons under that stress level, and
Ny, is the number of cycles after which the test was stopped.

The values of the number of cycles to failure for every coupon at each stress
level are §ubsequently normalized by the corresponding estimated characteristic

number, N;. Thus, the following normalized data set is formed:

X(XiISXi27'-'inlli)7 i=1721"'7m (1'26)
where
Nij
X = =2 (1.27)
N;
It is assumed that this set of data also follows a two-parameter Weibull distribution:
X\
Ps(X) = exp [— (—) ] . (1.28)
Xo

The parameters of the distribution of Eq. (1.28) are estimated by:

ZZX‘” 1nX,,+Z(n, )Y Y, o
| ,
tl/]X:Z (x Z - _;Z;Zl:lnX,-j—&—sz
X+ 3 =)y =1 = |
== (1.29)
1/d;

ZZX‘” + Z(nl Y, & . (1.30)

i=1 j=I

)
I
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The following notation was used:

m

N,
Y, = = > I'r= E ri,
N; i=1

where r7 is the total number of failed coupons.

The value of X, has to be unity for a perfect fit. If X, takes any value other
than unity, the characteristic number of cycles for each stress level can be adjusted
to produce Xo=1.In particular:

Ny = XoN:. (1.31)

The slope of the S-N curve, 1/k, and the y intercept, o, can be determined by
fitting log o,, versus log Ny; to a straight line. With oy, k, and o already deter-
mined, the S—N curve at any specified level of reliability can be calculated by:

6q = 0o{[—In Pg(N)]/uky N1k, (1.32)

1.10 EXPERIMENTAL PROCEDURE

1.10.1 Material and test Coupons

A comprehensive experimental program was realized consisting of static and
fatigue tests of straight-edge coupons cut from a multidirectional laminate. The
stacking sequence of the plate consists of four layers, 2 x UD, unidirectional
lamina of 100% aligned warp fibers, with a weight of 700 g/m? and 2 x stitched,
+45°, of 450 g/m?, 225 g/m? in each off-axis angle. The material used was E-
glass/polyester, E-glass from AHLSTROM GLASSFIBRE, while the polyester
resin was CHEMPOL 80 THIX by INTERCHEM. This resin is a thixotropic
unsaturated polyester and was mixed with 0.4% cobalt naphthenate solution (6%
Co), accelerator, and 1.5% methyl ethyl ketone peroxide (MEKP, 50% solution),
catalyst. Rectangular plates were fabricated by hand lay-up technique and cured
at room temperature. Considering as 0° direction that of the UD layer fibers, the
lay-up can be encoded as [0/(£45),/0]r. Coupons were cut, by a diamond saw
wheel, at 0°, on-axis, and 15°, 30°, 45°, 60°, 75°, and 90° off-axis orientations.
All data from cyclic loading were used to characterize anisotropic mechanical
properties of the material, for the verification of theoretical predictions from
FTPF strength criterion and for the study of stiffness variation during life.

The coupons were prepared according to ASTM 3039-76 standard, and alu-
minum tabs were glued at their ends. Coupon edges were trimmed with sandpaper.
The coupons were 250 mm long and had a width of 25 mm. Their nominal thick-
ness was 2.6 mm. The length of the tabs, with a thickness of 2 mm, was 45 mm
leaving a gage length of 160 mm.
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Static and fatigue tests were performed. The number of coupons tested, 307 in
total, was partitioned as follows: 50 coupons for static tests to provide baseline
data, both in tension and compression, while 257 coupons were tested under
uniaxial cyclic stress for the determination of 17 S—N curves at various off-axis
directions and loading conditions.

1.10.2 Test Program and Results

1.10.2.1 Static and Fatigue Strength
Static tests were performed in tension and compression on an MTS machine
of 250 kN capacity under displacement control at a speed of 1 mm/min. The
coupons used for static compression tests had a gage length of 30 mm to avoid
buckling. Fatigue tests, of sinusoidal constant amplitude waveform, were also
carried out on the same MTS machine. In total, 17 S—N curves were determined
experimentally, under 4 different stress ratios, namely, R = 10 (C-C), R = —1
(T-C), R =0.1, and R = 0.5 (T-T). The frequency was kept constant at 10 Hz
for all the tests, which were continued until coupon ultimate failure or 10° cycles,
whichever occurred first. In particular, for the on-axis coupons, 0°, under reversed
loading, R = —1, tests were continued for up to 5 x 10° cycles. For stress ratios
comprising compression, the antibuckling jig of Fig. 1.1 was used. Its geometry
and operational characteristics are in essence those described in [41].

Uniaxial tests on coupons cut off-axis from principal material directions were
performed to induce complex stress states in the principal coordinate system
(PCS). Denoting by o;,i = 1,2, 6, the in-plane stress tensor components in the

Specimen

Clamping plate

PTFE protective
liner

N

Antibuckling guide Aluminum tab

FIGURE 1.1 Sketch of antibuckling device.
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FIGURE 1.2 Complex stress state in principal material system of off-axis loaded coupon.

PCS of the multidirectional laminate, (see Fig. 1.2), and by o,, the applied normal
stress at an off-axis angle 6, the following transformation relations are valid:

o1 = 0, cos” 0,
05 = 0, sin> 0,

0¢ = O, sinBcos 0, (1.33)

The biaxiality ratios o,/0; and og/o; as a function of 6 take values that are
proportional to tan?§ and tan 6, respectively.

With respect to material properties that need to be determined experimentally
in order to use the FTPF criterion, Eq. (1.17), it is clear from Fig. 1.2 as well, that
X (N) and Y(N) are the S—N curves determined from on-axis and 90° off-axis
coupon tests. And S(N) is determined by fitting Eq. (1.17) to the experimental
fatigue strength data from any off-axis orientation. By substituting relations (1.33)
into Eq. (1.17) and solving for S(N) one has:

1/2

sin” 0 cos? 0

S(N) = (1.34)

1 +sin29c0326 cos* 6 sin* 0
0,2 X(N)Y(N) X*(N) Y*(N)

For every experimental point corresponding to a coupon loaded off-axis under
stress amplitude o, and failed at N cycles, one derives by means of Eq. (1.34)
the corresponding S(N) value.

Static strength results from both tension and compression plotted as a function
of the off-axis angle 0 are presented in Fig. 1.3. Theoretical predictions, solid
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FIGURE 1.3 Off-axis static strength, oy, of [0/(£45),/0]r GRP laminate.
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FIGURE 14 C-C (R = 10) fatigue strength.

line, according to the FTPF criterion are also shown along with data points.
To derive the calculated strengths, the multidirectional laminate is considered
as homogeneous orthotropic medium. Details on failure predictions under static
loading are given in [20].

The S—N curves for R = 10, —1, 0.1, and 0.5 are presented in Figs. 1.4—1.7,
respectively, where the coordinates of data points correspond to stress amplitude,
0,, and number of cycles to failure, N. Detailed results on life cycles for every
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FIGURE 1.6 T-T (R = 0.1) fatigue strength.
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FIGURE 1.7 T-T (R = 0.5) fatigue strength.

coupon tested under various stress ratios R and off-axis angle 6 are displayed in
Tables 1.7—1.10. Linear regression curves, shown as solid lines, in Figs. 1.4-1.7
are of the form o, = aN /2.

As seen from these figures, fatigue strength of this specific GRP laminate
is higher in tensile loading (R = 0.1) than in the respective compressive one
(R = 10), only for the case of on-axis coupons, 0°, and N < 10°. The opposite
is suggested by the experimental data, that is, compressive strength is higher
than tensile fatigue strength for any other off-axis loading configuration. It is
furthermore observed that the material is more fatigue sensitive in tension than
in compression as indicated from the slope of the respective S—N curves.

1.10.2.2 Stiffness Degradation
For all the coupons tested in fatigue, hysteresis loops were monitored continu-
ously by recording load and cross-head displacement signals. Stiffness changes
with respect to the number of cycles were studied in terms of dynamic modulus,
Ey, determined by linear curve fitting of data samples at every stress—strain
hysteresis loop. A dimensionless measure of stiffness degradation is given by the
ratio Ey/E,, E| being the modulus at the first load cycle, greater in general from
the static Young’s modulus, Ey, due to the higher strain rate of deformation.
According to the simple model of Section 1.9.2, the variation of the ratio
Ex/E; with respect to cycle number, N, is linear, its slope depending on the
cyclic stress amplitude. This was postulated for the main central life period of
a coupon, excluding initiation and final failure phases. By means of Eq. (1.19),
model parameters were derived by fitting the experimental data for the various
stress ratios, R, and off-axis angle, 6, values; see Table 1.11.
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TABLE 1.10 Number of Cycles to Failure from T-T (R = 0.5) Tests for Various
Stress Ranges and Off-axis Loading Orientations

Oq Omax

(MPa) (MPa) 0° 45°

60 240 25,210, 9500, 3500

57.5 230 107,441, 28,461, 21,333

55 220 38,970, 586,000, 185,694

52.5 210 923,020, 956,833, 154,000

47.5 190 1,996,000, 243,500, 1,900,000

23.75 95 3411, 9370, 10,393
21.25 85 65,459, 15,858, 68,947
18.75 75 42,900, 135,872, 249,194
17.5 70 630,000, 493,345, 678,643
16.25 65 1,208,000, 750,000, 2,500,000¢

“Test stopped without coupon failure.

TABLE 1.11 Stiffness Reduction Model Parameters

R=10 R=-1 R=0.1 R=05
6 (deg) K c K c K c K c
0 8.74x10%! 16.91 2.66x10% 17.1 7.20x10'? 8.962 2.12x10% 19.91
15 2.26x10% 13.65
30 4.20x10"3 8.78 2.57x10% 12.04
45 1.43x10% 13.2 2.01x10% 11.76 4.18x10' 10.53 9.30x10% 13.9
60 1.07x10" 10.49 2.05x10'7 9.871
75 1.25x10"7 1.01E + 01
90 3.94x10%! 22.69 8.81x10'° 10.39

Recalling Eq. (1.18), one has:

E A\©
1——N=K(0—> N. (1.35)
E, Eo

The left-hand side of the above equation can be thought of as a measure of
damage, ranging from O for a virgin specimen and approaching asymptotically 1
for a damaged one to failure. Using this form of presentation, that is, Eq. (1.35),
experimental data from some of the cases studied are shown in Figs. 1.8—1.12,
where logarithms base 10 of the quantities of interest are displayed. Experimental
points are fitted by regression lines and, as shown, the degree of fit supports, in
general, the assumptions of the linear model, that is, Eq. (1.18).

Data on stiffness changes, collected during fatigue of each set of coupons, of
a certain R value and off-axis angle 6, were fitted by a number of probability
distributions [22]. The scope of the analysis was to examine the stochastic
behavior of stiffness degradation and statistically test the validity of acquired
data. In Table 1.12, estimated parameters by maximum likelihood are given for
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FIGURE 1.9 Stiffness degradation data. R = —1, 60° off-axis.

each set of data for five distributions:

ol (z—w)?

Normal : F(x;w,0) = / ex [—7 dz,
. —0 04/2T P 202

X 1 1 _ 2
Lognormal : F(x;w,0) = / ——exp [—M} dz,

—oo OZA/ 2T 20
Weibull : F(x:p,0) = 1 —exp [— (f)] . x>0, (1.36)

o
X =N
Largest element: F(x;n,0) =exp |:— exp (— >i| ,
o

Smallest element : F(x;p,0) =1—exp |:— exp <x — M)] .
o
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Kolmogorof—Smirnof (KS) goodness-of-fit tests were performed for each one
of the hypotheses. KS test results, that is, the Dy statistic and its probability,
P(Dy), for all the aforementioned distributions are given in Table 1.13. Values of
P(Dy), greater or equal to 0.05 correspond to goodness of fit at a significance
level of 5% or higher. Calculations for the KS test were performed using the
method described in Press et al. [42].
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FIGURE 1.12 Stiffness degradation data. R = 10, 45° off-axis.

As seen from the results of Table 1.13, stiffness degradation data, at a specific
R value and off-axis angle 6, can be modeled by a single statistical distribution
for the whole range of stress levels considered for an S—N curve determination.
Notice that for the cases studied herein, the number of experimental points taken
into account was at least 80.

An example of favorable and unfavorable comparison between experimental
data and theoretical distributions is given in Figs 1.13 and 1.14, respectively, for
different material configurations. The upper and lower 95% confidence interval
bounds correspond to the less satisfactory distribution, which for the case of
Fig. 1.13 is the two-parameter Weibull distribution, whereas for Fig. 1.14 is the
lognormal distribution. In this latter case, since the experimental sampling distri-
bution intersects the 95% confidence bounds, the respective null hypothesis, that
is, the lognormal distribution, is not accepted at the significance level of 5% [43].

At noted from the results of Table 1.13, the best performing distribution is the
two-parameter Weibull distribution, which succeeds in 14 of 16 treated cases to
fit the data at a significance level greater than 5%. The statistical distributions
are sorted, in this table, according to their fitting capability and, therefore, the
second best performing function is the normal. It must be emphasized that in
all cases treated except that of R = 10 at 8 = 90°, stiffness degradation data are
satisfactorily fitted by a single statistical distribution, at a significance level of
5% or higher, irrespective of stress level in the same S—N curve.
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FIGURE 1.13 Comparison of experimental and theoretical cumulative distributions of
stiffness degradation. R = —1, 30° off-axis.
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FIGURE 1.14 Comparison of experimental and theoretical cumulative distributions of
stiffness degradation. R = —1, 0° on-axis.

1.11 DISCUSSION

1.11.1 Survival Probability, Constant Life Diagrams

Experimental data on number of cycles to failure, shown in Tables 1.7-1.10,
were processed following the statistical procedure exposed in Section 1.9.3 to
derive design allowables at a given reliability level. Fatigue strength curves were
then defined at a survival probability of 95% using Eq. (1.32) and parameter
values of the statistical model from Table 1.14. The results are shown in
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FIGURE 1.16 S-N curves of 95% survival probability under C—C loading. 6 = 30°, 60°.

Figs. 1.15-1.21, where experimental data are plotted along with theoretical pre-
dictions for comparison. It is clearly seen for all the cases treated, that is, 17
S—N curve series of tests at various R ratios and 6 values, that the statistical
procedure implemented performs very well and thus allowables derived that way
can be reliably used in design.
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FIGURE 1.17 S-N curves of 95% survival probability under T—C loading. 6 = 0°,
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FIGURE 1.18 S-N curves of 95% survival probability under T—C loading. 6 = 30°,
60°.

The effect of stress ratio R, on fatigue strength, depending also on off-
axis loading orientation, was discussed in Section 1.10.2.1. The same trends are
exhibited by 95% reliability S—N curves, and this can be shown by plotting in the
same graph curves with different R values. The fatigue strength dependence on
stress ratio for on-axis loaded coupons is illustrated in Fig. 1.22 while respective
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FIGURE 1.19 S-N curves of 95% survival probability under T-T (R = 0.1) loading.
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FIGURE 1.20 S-N curves of 95% survival probability under T-T (R = 0.1) loading.
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FIGURE 1.22 Effect of stress ratio R on 95% survival probability S—N curves. On-axis
loading.

results from 45° off-axis tests are shown in Fig. 1.23. It is therefore verified
that for on-axis loading the GRP laminate investigated is weaker to compressive
stress ranges when N < 10°, while for high-cycle fatigue it can withstand lower
tensile stress ranges than compressive ones. In the contrary, for off-axis loading,
compressive stress ranges withstood by material coupons were almost double the
respective tensile ones; see Fig. 1.23.
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FIGURE 1.23 Effect of stress ratio R on 95% survival probability S—N curves. Off-axis,
45°, loading.

To comply with the needs of designing a composite structure against variable
amplitude fatigue, that is, spectrum loading, strength data are projected in the
plane having as coordinates stress amplitude and mean stress, o, — 0,,. Radial
lines emanating from the origin are expressed by:

l1—R
Oq = Om > (137)
1+ R

and thus, every such curve of the family corresponds to a constant R value.
Therefore, points along these lines are points of the S—N curve for that par-
ticular stress ratio R. Constant life diagrams are formed by joining points of
consecutive radial lines, all corresponding to a certain value of cycles, N. Some
useful characteristics of (0, — 0,,) plane are shown in Fig. 1.24. As shown, the
positive half-plane is divided into three sectors, the central one being of double
surface area. The tension—tension sector is bounded by the radial lines R = 1 and
R = 0, the former corresponds to static loading and the latter to tensile cycling
with o, = 0. The S—N curves, that is, radial lines belonging to this sector have
positive R values smaller than unity. Similar type comments for the other sectors
can be derived from the annotations shown in Fig. 1.24. It is interesting also
to mention that to every radial line with 0 < R < 1, that is, in the T-T sector,
corresponds its symmetric with respect to the o, axis, which lies in the C-C
sector and whose R value is the inverse of the tensile one, for example, R = 0.1
and R = 10.

For the experimental data presented in Tables 1.7—1.10 and using the model
parameters shown in Table 1.14, it is possible to form constant life diagrams,
for each off-axis loading configuration, corresponding to any specific survival
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FIGURE 1.25 Constant life diagram for [0/(£45),/0]7 laminate at 0°. UTS = 244.84
MPa, UCS = —216.68 MPa.

probability. Such an exercise was performed for a 50% reliability level, and the
results were shown in Figs. 1.25-1.27 for 8 = 0°, 45°, and 90°, respectively.
For on-axis loading (Fig. 1.25) constant life curves are closer to a Gerber-like
prediction rather than a Goodman straight line. Since several design codes, for
composite structures, suggest the use of Goodman criterion to account for variable
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FIGURE 1.26 Constant life diagram for [0/(£45),/0]r laminate at 45°. UTS = 139.1
MPa, UCS = —101.59 MPa.
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FIGURE 1.27 Constant life diagram for [0/(£45),/0]7 laminate at 90°. UTS = 84.94
MPa, UCS = 83.64 MPa.

amplitude cyclic loading, this would lead to conservative design decisions, along
with Palmgren—Miner damage accumulation rule. Another interesting aspect of
this graph, already mentioned, is that the material proved to be stronger in tension,
than in compression, for small number of cycles, while the opposite holds true
with an increasing number of cycles. The same trend was reported for a similar
material and stacking sequence by other researchers [14], and their results were
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FIGURE 1.28 Constant life diagram for GRP laminate composed of (0/ = 45) fabrics.
UTS = 467 MPa, UCS = —318 MPa. Data from [14].

reproduced in Fig. 1.28 for comparison. It is worthwhile noting in this figure
that at the high-cycle range (N > 107), even the Goodman straight line is an
optimistic approach to the real o, — o, relation.

Off-axis loading reveals the anisotropic nature of the GRP laminate investi-
gated since, as observed in Figs. 1.26 and 1.27, for 6 = 45° and 90°, respectively,
the fatigue response of the material differs significantly from what was discussed
already. What is common in these figures is the higher fatigue strength in com-
pressive rather than in tensile stress ranges, and the poor performance of Good-
man law in describing the relation between mean stress and cyclic amplitude.

1.11.2 Fatigue Strength Prediction

Efficient and reliable prediction of fatigue life of any structural component under
complex stress states is of paramount importance in design. Such a task can be
carried out by means of the FTPF criterion, discussed in Section 1.9.1, which
for plane stress conditions is expressed by Eq. (1.17). For the formulation of
the criterion in the principal material directions of a laminate possessing sim-
ilar strength symmetries as the one investigated herein, the S—N curves along
the two orthogonal symmetry directions as well as the respective shear fatigue
strength must be known. Determination of the latter, always under the same R
value loading, is performed using the methodology proposed in Section 1.10.2.1,
Eq. (1.34).

Comparison of FTPF prediction with experimental data from various material
systems as well as with theoretical predictions from other strength criteria can
be found in [20]. For the experimental off-axis data presented in Tables 1.7—1.9
under R = 10, —1 and 0.1, respectively, calculations following the aforementioned
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FIGURE 1.29 Comparison of experimental data and FTPF predictions (R = 10).
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FIGURE 1.30 Comparison of experimental data and FTPF predictions (R = —1).

methodology were performed, and the results are presented in Figs. 1.29-1.34.
Shear strength S—N formulation is derived for all cases by fitting the experimental
data of smaller off-axis angles, that is, 30° for R = 10, —1 and 15° for R = 0.1.
Reliable predictions, that is, conservative, of the criterion are produced that way for
the other off-axis directions.

The results of Figs. 1.29-1.31 were derived by solving Eq. (1.34) for o,.
The expressions used for X(N), Y(N), and S(N) are given in Table 1.15 and
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FIGURE 1.31 Comparison of experimental data and FTPF predictions (R = 0.1).
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FIGURE 1.32 FTPF predictions vs. experimental data from woven GRP cylindrical
specimens biaxially loaded at 0° [20].

correspond to the median survival probability approximately. If a higher relia-
bility level is required, the procedure for the determination of S(N) has to be
repeated by using values for X(N), Y(N), and off-axis test results to be fitted by
Eq. (1.34), corresponding at that survival probability.

As concluded from Figs. 1.29-1.31 the predictions of the FTPF criterion for
off-axis orientations such as 60° or 75° are good and always on the safe side.
The same is valid also for 45°, but the predictions are too conservative. However,
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FIGURE 1.33 FTPF predictions vs. experimental data from woven GRP cylindrical

specimens biaxially loaded at 45° [20].
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FIGURE 1.34 FTPF predictions vs. experimental data from woven GRP cylindrical

specimens loaded under combined tension—torsion [20].
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TABLE 1.15 Experimental Fatigue Strength Equation along Principal Material
Directions of [0/(£45),/0]; GRP Laminate (in MPa)

R=10 R=-1 R=0.1
X(N) o, = 125.6N 700607 o, = 155.3N 7004724 04 = 204N 007957
Y(N) 0, = 32.66N 004459 0, = 81.68 N 006249 6, = 26.86N 007108
S(N) o, = 102.3N 7013580 0, = 48.55N 005860 0, = 21.44 N 006940
1.00p e
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FIGURE 1.35 Sampling distribution of stiffness degradation data. R = 0.1, 15° off-axis.

this was observed for static strength results also (see Fig. 1.3) and it is due to the
presence of fiber bundles along +45°, that is, the GRP laminate investigated is not
in essence a homogeneous orthotropic medium. For unidirectional glass epoxy
laminates tested off-axis, it was shown in [20] that predictions of fatigue strength
by the FTPF criterion were corroborated satisfactorily by the experimental data
for the entire range of off-axis directions. Then, it is logical to conclude that
the quadratic version of the failure tensor polynomial is adequate for design
calculations, where one needs safe and reliable predictions, but if higher accuracy
is needed, from the material characterization point of view, higher order tensor
formulation [44] could be necessary.

Besides uniaxial loading test cases, the FTPF criterion was shown to predict
satisfactorily fatigue strength under multiaxial cyclic loads as well [20]. Theoret-
ical predictions were compared to experimental data of Owen and Griffiths [18]
on woven glass polyester cylinders cycled under biaxial hoop, opp, and axial, o,
stresses. Two separate loading cases were reported at 0° and 45° with respect to
the fiber’s direction. Suitable experimental data were also found in a study by
Fujii and Lin [19], from an experimental program consisting of fatigue tests under
tension—torsion loading on cylindrical specimens made of woven glass/polyester.
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The stress ratio R considered was equal to 0, that is, o, = 0, while the test
frequency was limited to 2 Hz.

Predicted failure locii by the FTPF criterion plotted against experimental data
from [18] are shown in Figs. 1.32 and 1.33 for 1-10° cycles. Failure locii for the
cylindrical specimens loaded at 0° with respect to the fibers direction are shown
in Fig. 1.32, while corresponding locii for the specimens loaded at 45° off-axis
are shown in Fig. 1.33. In both figures, Ao, and Aoy, denote ranges of axial
and hoop stress, respectively.

The applicability of FTPF criterion in reliably predicting fatigue strength under
multiaxial loading is further demonstrated in Fig. 1.34, where predicted fatigue
failure locii for 1-10° cycles are shown along with experimental data from [19].

It is clearly shown in both cases examined that predictions made by the FTPF
criterion are very close to, and are corroborated well by, the experimental data
from multiaxial cyclic loads.

1.11.3 Stiffness Controlled, Sc-N, Fatigue Design Curves

Based on stiffness degradation data, already discussed in Section 1.10.2.2,
stiffness-controlled Sc—N curves, corresponding to specific Ey/E; values, were
calculated by means of Eq. (1.20). Fatigue strength curves were also defined
at predetermined survival probability levels based on the parameters of the
statistical model from Table 1.14 and were plotted in Figs. 1.15-1.21. Comparing
these two sets of fatigue design curves, it was concluded that they could be
correlated as follows. To any survival probability level, P;(/N), corresponds a
unique stiffness degradation value, Ey/E;, which can be determined from the
cumulative distribution function, F(Ey/E;), of the respective data. It is this
value of Ey/E;, for which F(Eyx/E) = P;(N); see Fig. 1.35. Observing the
two different curves derived as stated above, it was concluded that they are
similar for all cases considered in this work, with the Sc—N being slightly more
conservative in general. Therefore, one can use in design an Sc—N curve bearing
information on both issues: survival probability and residual stiffness.

The derivation procedure of an Sc—N curve is schematically demonstrated
in Figs. 1.35 and 1.36 for the data of 15° off-axis coupons under R = 0.1. In
Fig. 1.36 both design curves, for 50 and 95% survival probability, are plotted
together along with experimental failure data. It is observed indeed that Sc—N
and S—N curves from each set lie very close, and that the former type of design
curve is slightly more conservative. Using as design allowable the Sc—N at
En/E| = 0.96, as seen from Fig. 1.35, a 95% reliability level is at least guar-
anteed while stiffness reduction will be less than 5%. Similar comments are also
valid for Figs. 1.37-1.40, where results are shown for coupons cut at different
off-axis angles and tested under different R ratios. It has to be mentioned that this
good correlation between stiffness-based and reliability S—N curves is the rule
followed by all other types of coupon, tested under different loading conditions.
In Table 1.16, S—N curve equations are given for 95% reliability level for all
data sets used in this study and compared to the corresponding stiffness-based
Sc—N curve equations.
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FIGURE 1.36 Sc-N vs. S—N curves. R = 0.1, 15° off-axis.
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FIGURE 1.37 Sc—-N vs. S—N curves. R = —1, 0° on-axis.

These results strongly recommend that despite the observed discrepancies,
which are not significant in most of the cases, stiffness-based Sc—N curves be
used instead of reliability S—N curves in design. Curves of the former type refer
to two design parameters, reliability and stiffness degradation level. Thus, they
can be used in design to cover requirements of design codes and regulations. In
addition, Sc—N curves can be determined much faster, as stiffness degradation

trends are readily captured with only a small number of coupons tested.
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FIGURE 1.39 Sc-N vs. S—N curves. R = 0.1, 45° off-axis.

To demonstrate this, the procedure for the determination of stiffness-based
Sc—N curves was repeated by using half of the coupons. A fraction of 50%
of the coupons from each set was randomly selected and the calculations were
repeated. The Sc—N curves, determined that way, were then compared to the
original ones. Probability cumulative distributions were almost identical in most
of the cases studied, for example, see Fig. 1.41. Thus, Sc—N curves were similar
to those determined by using the full data set as shown, for example, in Fig. 1.42
for 30° off-axis coupons, tested under alternating stress, R = —1.
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FIGURE 1.41 Sampling distributions of complete and half of data set. R = —1, 30°

off-axis.

1.12 CONCLUSIONS

Fatigue performance of glass fiber-reinforced plastics under complex stress states
was considered in this study. Prediction of operational life of structures made of
said materials is feasible and can be based on measurements of fatigue strength

and stiffness degradation.
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Quadratic failure tensor polynomial criterion, FTPF, forecasts satisfactorily
material response under off-axis and multiaxial loading for all cases of stress
ratio R considered in this study. Application of FTPF assumes the experimental
determination of three S—N curves along principal material directions. Efficiency
of the criterion is proved through comparison of theoretical predictions and exper-
imental fatigue strength data. Fatigue strength variation with off-axis angles is
similar to static strength variation, irrespective of stress ratio R. Off-axis exper-
imental strengths, both in static and fatigue loading, are well predicted in most
of the cases by failure tensor polynomial criterion.

For on-axis loaded coupons, 0°, it is shown that fatigue strength is higher in
tensile loading (R = 0.1) than in compressive (R = 10) for N < 10°. This is not
the case, however, for all the other sets of coupons tested, where it was clearly
demonstrated that compressive fatigue strength is higher than tensile strength for
any off-axis loading orientation.

Constant life diagrams, composed for the median survival probability point
out that for on-axis loading constant life curves are closer to a parabolic curve
than to a Goodman straight line. This suggests that the use of the Goodman
relation, along with the Palmgren—Miner rule, could lead to conservative design
decisions. On the other hand, however, high cycle fatigue results, especially in
the T-T sector of the o, — 0, plane and off-axis strength results, in general,
suggest that a Goodman-like relationship between o, and o, is very optimistic.

During fatigue life the stiffness of a structural element is decreased. Observed
stiffness degradation is correlated to the damage accumulated in the material.
Herein, coupons cut at several off-axis angles from a multidirectional laminate
[0/(£45),/0]7, were subjected to cyclic loading and their stiffness changes were
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investigated. Longitudinal Young’s modulus is defined as the average slope of
the stress—strain loop and is a function of the number of cycles, N. Its variation,
depending on the applied stress ratio and off-axis load orientation, is modeled by
a simple empirical equation that produces acceptable fits of the experimental data.

Records of stiffness reduction for various R values were used to define fatigue
design curves corresponding to specific modulus degradation and not to failure.
The corresponding, stiffness-controlled, fatigue design curves, Sc—N, can serve
better the requirements of design and full-scale testing of structural components
made of FRP materials.

It was shown that Sc—N and S—N curves of 95% reliability can be corre-
lated and, therefore, it was possible to define design allowables corresponding to
predetermined levels of stiffness degradation and survival probability.
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2.1 DEFINITION OF ADVANCED CERAMICS

We live in the “age of engineered materials.” The properties of materials are
either selected or developed to meet the needs of specific applications. Ceramics
are a very broad class of materials with a wide range of properties [1]. Some
advanced ceramics have special optical, electrical, or magnetic properties. Others
have special mechanical or thermal properties. The focus of this chapter and the
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next chapter will be on ceramics for structural applications where the mechanical
and thermal properties are especially important.

Structural applications have varied material requirements. Some require high
hardness to provide wear resistance, especially industrial applications that involve
sliding, rolling, and fluid or particulate flow. Others require high strength to resist
mechanical stresses or thermal stresses. Examples include bearings, cutting tools,
and heat engine components. Others require high-temperature stability, corrosion
resistance, or thermal shock resistance.

Several categories of advanced ceramics are discussed in this chapter: (1) mono-
lithic (noncomposite) polycrystalline ceramics, (2) self-reinforced ceramics with
composite microstructures, and (3) particle-reinforced or whisker-reinforced ce-
ramic matrix composites. The subsequent chapter addresses continuous fiber-rein-
forced ceramic matrix composites.

Dramatic advances have occurred in ceramics technology in recent years [2, 3].
New and improved ceramics are now available that have much higher strength and
toughness than prior ceramics. New design methods have been developed—espe-
cially through the use of finite-element codes for thermal and stress analy-
sis—that are leading to substantial improvements in reliability and reduction
in risk. This chapter describes some of the advances in key ceramic materials
and reviews some of the success stories of applying these ceramics to challenging
applications.

2.2 GENERAL IMPROVEMENTS IN MECHANICAL PROPERTIES

Major progress has been accomplished in the past 20—30 years to increase the
capability of ceramics for thermal, wear, corrosion, and structural applications.
In particular, the strength and toughness have been dramatically improved to
the degree that ceramics are now available that can compete with metals in
applications previously thought impossible for ceramics. Figure 2.1 illustrates
the level of increases in the key structural characteristics of strength, toughness,
and Weibull modulus. [Weibull modulus is the slope of the log—log plot of
probability of failure versus fracture stress (strength) for test bars prepared from
a block of the material.]

Strength is a measurement of the resistance to formation of a crack or structural
damage in the material when a load is applied. Toughness is a measurement of
the resistance of the material to propagation of a crack or extension of damage
to the point of failure. The Weibull modulus is a measurement of the uniformity
in strength. The lower the Weibull modulus, the higher the likelihood that the
material will fail at a stress substantially below the average strength. Thus, high
Weibull modulus means better material reliability and greater ease in designing
with the material.

Most ceramics in the 1960s had strength well below 345 MPa (50,000 psi).
Now aluminum oxide, silicon carbide, silicon nitride, and toughened zirconia
are available with strength above 690 MPa (100,000 psi). Strength at elevated
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FIGURE 2.1 Strength, toughness, and uniformity of ceramic materials have been dra-
matically increased since 1970 [2].
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FIGURE 2.2 Silicon nitride ceramics strength improvements [2].

temperatures also has been improved, as shown in Figure 2.2 for silicon nitride
materials. SiC ceramics retain strength to even higher temperatures.

One of the most significant advances in ceramics during the past 20 years has
been to increase fracture toughness. Increased fracture toughness is important to
industry because it reduces risk of fracture during installation and service, a risk
that has always been a concern with glass and traditional ceramics. Figure 2.3
compares the toughness of some of the new ceramic materials with typical ceram-
ics and other key engineering materials. Glass has fracture toughness of about
1 MPa - m'/?, and conventional ceramics range from about 2—3 MPa - m'/?. Steel
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New Ceramics and Ceramic Matrix
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FIGURE 2.3 Fracture toughness of new ceramics compared to other materials [2].

is around 40 MPa - m!/2. Some silicon nitride materials now approach 10 MPa -
m!/2, which is tougher than cast-iron. Some transformation-toughened zirconia
materials have toughness around 15 MPa-m!/2, which is higher than that of
many tungsten carbide—cobalt (WC—Co) cermets. These new tougher ceramics
have demonstrated dramatically improved resistance to impact, contact stress,
and handling damage and are providing high reliability and durability that users
are accustomed to receiving with metals and WC—-Co. New continuous fiber-
reinforced ceramic composites (CFCCs) are under development that provide
further improvements in fracture toughness, as discussed in the next chapter.

2.3 ALUMINUM OXIDE

Aluminum oxide (generally referred to as alumina) is the same composition as
sapphire (Al,O3), which accounts for its high hardness and durability. Alumina
ceramic is produced by compacting alumina powder into a shape and firing the
powder at high temperature to allow it to densify (sinter) into a solid, polycrys-
talline, nonporous part. Alumina is the most mature high-technology ceramic
in terms of quantity produced and variety of industrial uses. Approximately
5 million metric tons were produced in 1995 for wear, chemical, electrical, med-
ical, and other applications. Table 2.1 lists some of the applications of alumina.

Alumina is used in these applications because of its excellent combination
of properties, including high hardness and wear resistance, chemical resistance,
smooth surface, reasonable strength, and moderate thermal conductivity. Table 2.2
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TABLE 2.1 Production Applications of Aluminum Oxide Ceramics

Seal rings

Rotary and gate valves

Pump parts and liners

Papermaking foils, suction box covers, palm
guides, liners

Cyclone liners

Liners in coal-handling systems

Wire drawing tooling

Thread guides in the chemicals and textile
industries

Chemical laboratory ware

Molten metal filters, crucibles

Mill liners and grinding media

Chute and conveyor liners
Nozzle, pipe, and tubing liners
Wear pads for any application

Spark plug insulators

Sodium vapor lamp arc tubes
Thermocouple protection tubes
Radomes

Grinding wheels, abrasives, polishes
Glass tank linings

Cutting tool inserts

Heat exchange media

Medical applications

TABLE 2.2 Comparison of Typical Properties of Aluminum Oxide and Other
Advanced Ceramic

Coors Ceradyne Carborundum
AD-96 Ceralloy Hexoloy SA Coors Coors Coors
Alumina 147-E1Si3N4 Silicon Carbide ZTA TZP YTZP
Flexural Strength 358 700 380 450 620 900
(MPa)
Elastic Modulus 300 310 410 360 200 200
(GPa)
Fracture Toughness 4-5 6 4.6 5-6 11 13
(MPa - m'/?)
Thermal Conductivity — 24.7 26 125 27 2.2 22
(W/mK)
Coefficient of 8.2 3.1 4.0 82 10.1 10.3
Thermal Expansion
(107°/°C)
Density (g/cm®) 3.75 3.25 3.1 40 602 6.02

Source: Company data sheets from Coors Ceramics, Ceradyne Inc., and Saint-Gobain Advanced
Ceramics Corporation. ZTZ = zirconia-toughened alumina, TTZ = transformation-toughened zirco-
nia, and YTZP = yttria tetragonal zirconia polycrystal.

lists some properties of commercial grades of alumina compared to several other
advanced ceramics. New laboratory grades of alumina have even better properties.
For example, one fine-grained (0.56 pm) sintered alumina being evaluated for
cutting tool inserts has average bending strength of 650—700 MPa and Vickers
hardness (with 10 kgf load) of 22.1 & 0.9 GPa [4]. This alumina has substan-
tially out-performed cubic boron nitride and Al,O3—-TiC for cutting cast-iron and
hardened steel by turning on a lathe at 300 m/min.

Alumina is presently the lowest cost high-performance ceramic because of the
large quantity produced. The alumina suppliers have an enormous design and
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experience database so that they should be consulted when seeking an alternate
material for increased corrosion resistance, wear resistance, dimensional stability,
decreased friction, and higher temperature use.

2.4 SILICON NITRIDE

Silicon nitride refers to a family of ceramics whose primary constituent is Si3Ny.
The ceramics in this family have a favorable combination of properties that
includes high strength over a broad temperature range, high hardness, moder-
ate thermal conductivity, low coefficient of thermal expansion, moderately high
elastic modulus, and unusually high fracture toughness for a ceramic [5, 6]. This
combination of properties leads to excellent thermal shock resistance, ability to
withstand high structural loads at high temperatures, and superior wear resistance.

Silicon nitride has been under development continuously in the United States
since the late 1960s. Initial efforts were directed toward development of compo-
nents for gas turbine engines, but this turned out to be a very difficult challenge.
Although extensive testing has been conducted, silicon nitride has not yet reached
a significant level of production for turbine engines [7]. However, silicon nitride
ceramics have reached large-scale production for cutting tools, bearings, tur-
bocharger rotors, diesel cam follower rollers, and diesel prechambers and have
reached moderate levels of production for other applications such as thermocouple
protection tubes, grit-blast nozzle liners, wire-forming rolls and guides, paper-
making dewatering foil segments, check valve balls, downhole oil well parts,
aluminum die-casting tooling, and a variety of custom wear parts [8]. Figures 2.4
and 2.5 illustrate some silicon nitride parts.

Although the initial driver for silicon nitride development was gas turbine
engine components, the first major application was cutting tool inserts [9]. Cut-
ting hard metals such as cast-iron, tool steels, and superalloys results in high
temperature at the tool—workpiece interface. Tool failure was usually caused by
a combination of wear and high-temperature corrosion. WC-Co, the traditional
workhorse for metals machining, wears/corrodes rapidly if the temperature gets
too high, so the cutting speed must be limited to around 120 m/min (~400 surface
feet per minute) and sometimes even down to around 25 m/min. Silicon nitride
is much more resistant that WC—Co to temperature and chemical corrosion. Cut-
ting speeds higher than 1520 m/min have been demonstrated with silicon nitride
at a depth of cut of 5 mm and feed rate of 0.4 mm per revolution. Such a rapid
rate of metal removal heats the silicon nitride cutting edge to around 1100°C
and imposes extreme conditions of thermal shock, impact, contact stress, and
erosion/corrosion. This gives an indication of the severe conditions that silicon
nitride materials can survive.

The use of silicon nitride cutting tool inserts has had a dramatic effect on
manufacturing output [10]. For example, face milling of gray cast-iron gear-case
housings with silicon nitride inserts doubled the cutting speed, increased tool life
from one part to six parts per edge, and reduced the average cost of inserts by
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FIGURE 2.4 Silicon nitride parts including blast nozzle liners, wire-forming rolls and
guides, papermaking dewatering foil segments, check-valve balls, downhole oil well parts,
custom wear parts, and centrifugal dewatering screen and scraper blade for potash and
coal dewatering. (Photo courtesy of Ceradyne, Inc., Costa Mesa, CA).

FIGURE 2.5 Experimental silicon nitride gas turbine engine components. (Photos cour-
tesy of Honeywell Engines, Systems, and Services, Phoenix, AZ).

50%. Outside grinding of diesel truck cylinder liners increased the number of
parts machined per tool index from around 130 to 1200 and totally eliminated
a prior problem with insert breakage. As a result, tool life was increased to
achieve 9600 cylinders per cutter load of inserts compared to 450. The decreased
downtime alone increased the output per shift by 25%.
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A more recent application for silicon nitride that is having major impact
on many industries is bearings [5, 11]. Silicon nitride was first demonstrated
as a superior bearing material in 1972 [12] but did not reach production until
nearly 1990 because of challenges in reducing the cost. Since 1990 the cost has
been reduced substantially as production volume has increased. Although silicon
nitride bearings are still 2—5 times more expensive than the best bearing steel,
their superior performance and life have resulted in rapid escalation in their use.
About 15-20 million silicon nitride bearing balls were being produced in the
United States by 1996, and the number has increased dramatically each year
since. Table 2.3 lists some applications for silicon nitride bearings.

One of the most important applications of silicon nitride bearings is in machine
tool spindles [5]. Because of their light weight (60% lighter than steel), silicon
nitride bearings can be operated at much higher speed than metal bearings with-
out generating a critical level of centrifugal stress. Because of their low thermal
expansion (one-fifth that of steel) and high elastic modulus, the silicon nitride
bearings can operate to much closer tolerances than metal bearings, which enables
machines with higher precision and lower vibration. Because of their high hard-
ness and smoother surface, the silicon nitride bearings run smoother and wear
at about one-seventh the rate of the best metal bearings. All of these factors
together result in 3—10 times the life of metal bearings, up to 80% higher speed
capability, about 80% lower friction, higher operating temperature, and 15-20%
reduction in energy consumption.

In addition to cutting tool inserts, bearings and check valves, silicon nitride is
being vigorously evaluated for diesel and auto engine valves, valve guides, stator
vanes and rotors for turbines, a variety of wear parts, forging dies for aluminum,
and many other potential products. As additional production applications are
achieved and current production levels increase, it is anticipated that the cost
of silicon nitride will be significantly reduced, which will remove the primary
barrier that has limited broad use of advanced silicon nitride materials.

TABLE 2.3 Some Applications of Silicon Nitride Bearings

Machine tool spindles
High-speed hand grinders
Food-processing equipment
CAT scanners

Spectroscopes

Photo copier roll bearings
Medical centrifuges
Aircraft anti-icing valves

Gearboxes
Helicopter pitch blades

Shuttle liquid oxygen pumps

Gas turbine engines
High-speed compressors
High-speed train motors
Air-driven power tools

Gyroscopes

Optical-kinematic mounts

Racing cars

Semiconductor processing
equipment

Actuators

Aircraft wing flap ball
SCrews

Shuttle main engine

Pumps

Gas meters

Check-valve balls

Chemical-processing
equipment

Galvanizing lines

High-speed dental drills

In-line skates

Textile equipment

Radar
Butterfly valves

Instruments
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The key message from the above examples is that the silicon nitride family is
a new generation of ceramics that are much more durable and resistant to brittle
fracture than many engineers may realize and may be viable options to consider.
The key properties that distinguish silicon nitride from traditional ceramics are
the high toughness, thermal shock resistance, and both chemical and structural
stability at high temperature.

2.5 SILICON CARBIDE

Another ceramic that is well established in the marketplace is silicon carbide
(SiC). Silicon carbide has many of the same applications as aluminum oxide
and silicon nitride. It is more expensive than alumina and has lower toughness
than silicon nitride, so it is not the optimum material for all corrosion or wear
applications. But where it can be used, it normally provides superior wear resis-
tance and long life. Table 2.4 identifies some of the production applications of
silicon carbide.

Silicon carbide also is important for tooling in the semiconductor industry,
for laser mirrors, as a substrate for wear-resistant diamond coatings, as an abra-
sive and grinding wheel, as heating elements and igniters, as an additive for
reinforcement of metals, and for numerous refractories applications.

Like silicon nitride, silicon carbide is a family of materials each with its spe-
cial characteristics. Most of the silicon carbide materials have very high hardness
(harder than alumina and silicon nitride) and thus have superior wear resistance.
Most have unusually high thermal conductivity for a ceramic, low thermal expan-
sion compared to metals, and very high temperature capability. Some actually
increase in strength at elevated temperature, such as sintered silicon carbide from
Saint-Gobain Advanced Ceramics Corporation that has room temperature flexure
strength slightly above 413 MPa (60,000 psi) and that increases in strength to
around 580 MPa (80,000 psi) at 1800°C.

Relatively pure SiC also has excellent resistance to corrosion in the presence
of hot acids and bases. In one series of tests reported by Saint-Gobain Advanced
Ceramics Corporation in one of its product brochures, dense SiC was immersed
in different acids and bases for 125-300 h. For 98% sulfuric acid at 100°C, the
SiC lost only 1.8 mg/cm?/year compared to >1000 for tungsten carbide with
6% cobalt and 65 for 99% pure alumina. For 50% NaOH at 100°C, the SiC

TABLE 2.4 Production Applications of Silicon Carbide

Seals High-temperature liners, refractories
Thrust bearings  Heat exchanger tubes

Valves Thermocouple protection tubes

Pump parts Links for high-temperature belt furnace

Cyclone liners Bearings in magnetic drive pumps
Radiant burners  Grit blast nozzle liners
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FIGURE 2.6 Silicon carbide seal and pump parts. (Photo courtesy of Saint-Gobain
Advanced Ceramics Corporation, Niagara Falls, NY).

lost only 2.5 mg/cm?/year compared to 5 for WC—Co and 75 for alumina. The
SiC exhibited even less weight loss (>0.2 mg/cm?/year) for exposures in highly
concentrated hot nitric and phosphoric acids and room temperature HCI and HF.
Because of the high corrosion resistance combined with high wear resistance,
SiC is important for seals and pump components, as illustrated in Figure 2.6.

2.6 TRANSFORMATION-TOUGHENED ZIRCONIA

Transformation-toughened zirconium oxide (TTZ) is another family of impor-
tant high-strength, high-toughness ceramics that have been developed during
the last 20-25 years [13, 14]. TTZ materials have fracture toughness values
ranging from about 6—15 MPa - m!/?, compared to conventional ceramics with
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fracture toughness of about 2—3 MPa - m!/2. The mechanism of toughening in
TTZ materials involves a volume increase due to a polymorphic transformation
that is triggered when an applied stress causes a crack to form in the TTZ [15].
The volume increase only occurs for material adjacent to the crack and presses
against the crack to keep it from propagating through the TTZ. Some forms of
steel have a similar mechanism of toughening, so TTZ has sometimes been called
ceramic steel.

Figure 2.7 shows the microstructure of one type of TTZ called partially stabi-
lized zirconia (PSZ). It consists of lenticular-shaped precipitates of the tetragonal
form of zirconia distributed throughout larger grains of the cubic phase of zirco-
nia. The tetragonal grains are the ones that transform adjacent to a crack. Another
TTZ is made up completely of tiny grains of the tetragonal phase and is referred
to as tetragonal zirconia polycrystal (TZP). Both types are mentioned because
they each have different properties, and one may be preferable for a specific
application.

Transformation toughening was a breakthrough in achieving high-strength,
high-toughness ceramic materials. For the first time in history a ceramic mate-
rial was now available with an internal mechanism for actually inhibiting crack
propagation. A crack in a normal ceramic travels all the way through the ceramic
with little inhibition, resulting in immediate fracture. TTZ has fracture toughness
(resistance to crack propagation) three to six times higher than normal zirconia

FIGURE 2.7 Microstructure of PSZ type of transformation-toughened zirconia. (Photo
courtesy of Professor Arthur Heuer, Case Western Reserve University, Cleveland, OH).
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TABLE 2.5 Successful Applications of Transformation-Toughened Zirconia
Ceramics

Tooling for making aluminum cans Knife and scissor blades

Wire-drawing capstans, pulleys, rolls, guides, and Cutting tool inserts
some dies Hip replacements

Dies for hot extrusion of metals Buttons

Golf cleats, putters, drivers

and most other ceramics. It is tougher than cast-iron and comparable in toughness
to some compositions of WC—-Co cermet.

Table 2.5 lists some of the applications where TTZ has been successful. TTZ
ceramics typically cost around four times as much as steel and two times as much
as WC—Co for a part such as an extrusion die. In spite of the higher cost, though,
TTZ often can provide sufficient increased life to justify its use on a life-cycle
cost basis. The suppliers can provide information on life-cycle cost for existing
applications and can probably estimate for similar applications.

2.7 OTHER MONOLITHIC ADVANCED CERAMICS

The ceramic materials discussed so far each are being used successfully in a wide
range of applications. Many other monolithic ceramics have proven themselves
in niche applications. For example, cordierite (a magnesium aluminosilicate that
has low thermal expansion) has been used as a honeycomb structure catalyst
substrate in automotive catalytic converter pollution control devices. Cordierite-
based catalytic converters have saved us from over 1.5 billion tons of air pollution
since they were introduced in the mid-1970s.

ZrB; and some other diborides have demonstrated very high-temperature capa-
bility and are being evaluated for rocket nozzle liners and for the leading edges
of hypersonic vehicles [16]. AIN has been developed with very high thermal
conductivity and is beginning to find applications as tooling in the manufacture
of integrated circuits. Boron carbide (B4C) has incredible hardness and has been
used successfully as armor for personnel and military vehicles and also for wear
resistance applications such as liners for sand blast nozzles [17].

2.8 SELF-REINFORCED CERAMIC COMPOSITES

A composite is a mixture of materials engineered with the intention of obtain-
ing the best characteristic of each material. In the case of ceramics, composite
microstructures can result in an increase in fracture toughness that can enhance
durability and reliability. Several general approaches have been developed in
recent years: self-reinforcement, addition of a ductile metal phase, addition of
a dispersion of particles or whiskers, and addition of a network of continuous
fibers [18, 19]. WC—-Co cermets are examples of addition of a ductile metal
but will not be discussed. Continuous fiber reinforcement is discussed in the
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next chapter. The following sections discuss self-reinforcement and addition of
particles and whiskers.

The simplest and generally most cost-effective method of forming a ceramic
composite microstructure is self-reinforcement. It is also often referred to as
in situ reinforcement or toughening. That is because the composite microstructure
is achieved in place during the sintering (densification) of the material by control
of chemistry and temperature, rather than by mixing in a second phase prior to
sintering. Self-reinforcement has been obtained in several ways: (1) forming a
multiphase microstructure where one phase acts as the matrix and another acts
as a reinforcement, (2) heat-treating to cause a phase to precipitate or crystallize
into the matrix phase, and (3) growth of elongated intertwined grains.

2.8.1 Multiphase Microstructure

An example that illustrates a ceramic composite with a multiphase microstructure
achieved in situ during sintering is shown in Figure 2.8. This ceramic composite

FIGURE 2.8 Microstructure showing aluminate platelets formed in situ during sinter-
ing. (Photograph courtesy of Raymond Cutler, Ceramatec Inc., Salt Lake City, UT).
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consists of CeO,-doped transformation-toughened ZrO, containing an interlacing
network of platelets of strontium aluminate [20]. Two wt % SrZrO3 and 30 vol %
Al,O3 powders were mixed with a coprecipitated powder of ZrO,-12 mol %
CeO; and sintered at 1500°C. Thin platelets of strontium aluminate about 0.5 pwm
wide and 5—-10 wm long formed throughout the zirconia matrix during sintering.
The resulting strength (in four-point bending) was 726 MPa, and the fracture
toughness was 11.2 MPa - m'/2. The mechanisms of toughening were a mixture
of transformation toughening and crack deflection.

A crack passing through a monolithic ceramic cuts across grains, goes around
grains, or follows along natural crystallographic cleavage planes. The crack’s
path is relatively short, so that the total energy needed to drive the crack through
is generally small. The resulting fracture toughness is typically 1-2 MPa - m'/?
for a single-crystal ceramic and 2—3.5 MPa - m!/? for a polycrystalline ceramic.
The aluminate platelets deflect the crack, forcing it to follow a longer and more
tortuous path through the ceramic. This increases the amount of energy required
to drive the crack through the material, resulting in higher fracture toughness.

2.8.2 Formation of a Precipitate or Dispersion of Crystals
During Heat Treating

Transformation toughening in PSZ is a good example of formation of a rein-
forcing phase through the careful control of temperature (and chemistry). As
mentioned before, toughening in PSZ involves a dispersion of nanoscale (typ-
ically under 500 nm) lenticular tetragonal zirconia in larger grains of cubic
zirconia. The nanoscale reinforcement develops during the fabrication process.
Zirconia powder mixed with MgO or CaO powder is compacted into the desired
shape and sintered at a high enough temperature that the material densifies and
that the zirconia and oxide additive form a solid solution with a cubic zirconia
structure. The temperature is then reduced such that the thermodynamically sta-
ble phases are a mixture of cubic zirconia and tetragonal zirconia. Tiny nuclei of
tetragonal zirconia begin to precipitate in the cubic zirconia grains. By control-
ling the temperature and time of heat treatment, the precipitates are allowed to
grow to an optimum size ranging from about 100 to 300 nm.

The fracture toughness of PSZ is typically 6—10 MPa - m!/2, although some
values have been reported exceeding 15 MPa - m!'/2. The toughening mechanism
is referred to as crack shielding. The compressive stress produced due to the
volume increase as the tetragonal precipitates transform to monoclinic zirconia
shields the tip of the crack from tensile stress.

Another interesting example of manipulation of microstructure during heat-
treating is Macor, a material developed in the early 1970s by Corning. In this
case the in situ reinforcement is achieved by crystallization during the fabri-
cation process [21]. First, a composition nominally 47.2% SiO,, 16.7% Al,0Os,
8.5% B,03, 9.5% K,0, 14.5% MgO, and 6.3% F is melted and cast as slabs or
cylinders of glass. The glass is then heat treated to form tiny nuclei of magne-
sium fluorophlogopite mica crystals. Further heat treatment grows these crystals
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to 5—10 wm diameter flakes that form a “house-of-cards” structure throughout
the glass matrix, resulting in a very high degree of toughening by crack deflec-
tion. The composite is not particularly strong (~60-102 MPa), but it is very
resistant to fracture and is soft enough (roughly between Teflon and brass) that
it can be machined with conventional metallic drill bits and cutters. Macor and
similar glass—ceramic composites have been used extensively for glass-sealed
electrical feedthroughs, face seals, positioning and heat-treating fixtures, dental
repairs, and many other applications.

2.8.3 Microstructure Containing Elongated, Intertwined Grains

Flat platelets in the microstructure, such as mica crystals and aluminate crystals,
cause a crack to deflect only in a single plane. Elongated rod-shaped grains in the
microstructure force a crack to deflect in more than one plane to get around the
grain. This requires more energy, so highly elongated grains have the potential
to achieve higher toughness than platelets. Faber and Evans [22] predicted and
verified experimentally that a dispersion of disk-shaped particles or grains can
increase toughness by a factor of 3 and rod-shaped ones by a factor of 4.

FIGURE 2.9 Elongated, intertwined microstructure of high-strength, high-toughness
AS-800 silicon nitride material manufactured by Honeywell Engines, Systems, and Ser-
vices, Phoenix, AZ. (Photo courtesy of George Graves, University of Dayton Research
Institute, Dayton, OH).
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Microstructures with elongated grains have been achieved for some silicon
nitride materials. These are referred to as self-reinforced silicon nitride [23]
and have been reported to have fracture toughness values ranging from about
6—14 MPa - m!/? [24-26]. Alpha phase Si3sN; powder is blended with MgO,
Y,03, Al,03 + Y,03, or other oxide sintering aids. At high-temperature, the
oxide reacts with a thin layer of SiO, that coats each Si;N, particle to form
a liquid-phase. The a-SizN4 particles dissolve and recrystallize as elongated
B-SisNy4 grains. By control of chemical composition, temperature, and time at
temperature, an intertwined structure such as that shown in Figure 2.9 results.
The high toughness of this type of intertwined structure has been a significant
factor in the success of silicon nitride in surviving applications that prior ceramics
have not been able to survive.

2.9 PARTICLE-REINFORCED CERAMIC COMPOSITES

The options for achieving a composite microstructure by self-reinforcement are
limited. Another approach is to add particles of a second ceramic into a ceramic
matrix during the fabrication process. This opens up many additional options for
making ceramic matrix composites.

Most powders that are added to a ceramic for toughening are prepared by
crushing and grinding or by chemical processes. These powders are typically
equiaxed (roughly spherical), like a grain of sand, and between 0.5 and 40 pum
in diameter. The composite is prepared by mixing the reinforcing powder with
the matrix ceramic powder and compacting the powders into the desired shape
by a conventional ceramic fabrication processes such as pressing. The compact
is then placed in a high-temperature furnace and sintered the same way that the
matrix would be sintered if the reinforcing powder had not been present. This
conventional sintering works for small to moderate volume fraction of reinforcing
particles, generally up to about 15-20%. For larger volume fraction of particles,
hot pressing or postsintering hot isostatic pressing may be required if a pore-free
composite is desired. Both are more costly than conventional sintering.

An important ceramic matrix composite with equiaxed particle reinforcement
is Al,O3 with a dispersion of nominally 30—35% titanium carbide (TiC) particles.
This material was initially developed as a cutting tool insert. Alumina without
reinforcement had been used intermittently as a cutting tool since the 1920s, but
only with limited success. The alumina—TiC had higher hardness and slightly
higher toughness and could cut a wider range of alloys including hardened steel,
chilled cast-iron, and cast-iron with an abrasive surface scale. It had improved
reliability and could even survive interrupted cuts.

An important early success of alumina—TiC cutting tool inserts was in the steel
industry [10]. Large steel rolls (typically over 4 m long and 75 c¢m in diameter) in
steel rolling mills require frequent refurbishing. This refurbishing was previously
done using an expensive ceramic grinding wheel and required 14—18 h per roll.
Use of alumina—TiC cutting tool inserts reduced the refurbishing time to 5 h per
roll [10] and became standard practice.
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Alumina—-TiC also has become important in the computer industry as the
substrate material for read—write heads. Its attributes for this application are
light weight, high stiffness, and ability to be machined chip-free to a precision
smooth surface.

Other particles have been added to alumina in efforts to increase toughness. A
10 vol % of 30-pm-diameter flat plates of Ba-mica was reported to increase the
toughness to 8.6 MPa-m'/? [27]. A 5 vol % of titanium diboride particles was
reported to result in toughness of 6.5 MPa - m'/? [28]. Addition of dispersions of
particles to SiC and Si;Ny also have resulted in increase in toughness. Examples
are listed in Table 2.6 and the strength and toughness values compared with
in situ reinforced silicon nitride, particle-reinforced alumina, whisker-reinforced
ceramics, and a couple of ductile metal-reinforced ceramics.

The particulate-reinforced ceramics listed in Table 2.6 resulted in increased
toughness primarily due to the mechanism of crack deflection. Addition of trans-
formation-toughened zirconia particles to other ceramics can result in toughness
increase by the mechanism of crack shielding. Toughening occurs if the parti-
cles are small (usually under 0.5 wm), if the host ceramic is strong enough to
prevent the particles from transforming during cooling for the sintering temper-
ature, and if there is no chemical interaction between the materials. Alumina
with 15-20% addition of transformation-toughened zirconia particles has been
reported to have toughness between 6.5 and 15 MPa - m!/? and flexure strength
between 480 and 1200 MPa [38]. These values of toughness and strength are
comparable to values reported for pure transformation-toughened zirconia, and
the transformation-toughened alumina (TTA) has higher hardness and is thus

TABLE 2.6 Comparison of Strength and Toughness for Various
Ceramic Matrix Composites

Flexural Fracture

Strength ~ Toughness
Material (MPa) (MPa-m'/?) Reference
Alumina with 30 wt % TiC particles 638 4.5 29
SizNy with 30 vol % 8-pum SiC particles 885 49 30
SiC with 16 vol % TiB, particles 478 6.8-8.9 31
Alumina with 30 vol % 30-wm Ba-mica — 8.6 27
Alumina with 30 vol % SiC whiskers 660 8.6 32
SizNy4 with 30 vol % 0.5-pm SiC whiskers 970 6.4 33
SizNy with 30 vol % 5-pm SiC whiskers 450 10.5 34
SizNy4 with 30 vol % BN-coated SizN,4 whiskers 428 9.2 35
MoSi, with 20 vol % SiC whiskers 310 8.2 36
In situ reinforced silicon nitride 785 8.2 24
In situ reinforced silicon nitride 900 9.7 25
In situ reinforced silicon nitride 550 10.6 26
ZrC-ZrB, with 24.2 vol % Zr metal 880 ~20 37
ZrC-ZrB, with 2.5 vol % Zr metal 870 ~11 37

Source: Adapted from Ref. 19.
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more resistant to some forms of wear. The TTA also is lighter in weight and the
raw materials are lower in cost than for TTZ. However, the TTA is more notch
sensitive and also tends to chip during grinding [39].

2.10 WHISKER-REINFORCED CERAMIC MATRIX COMPOSITES

Ceramic whiskers are usually single crystals that have grown preferentially along
a specific crystal axis under vapor or liquid—vapor conditions. The whiskers typ-
ically range in size from 0.5 to 10 wm in diameter and a few microns to a
few centimeters in length and can have very high strength. Some silicon car-
bide whiskers have been reported with a strength of 21,000 MPa and a Young’s
modulus of 840 GPa [40].

Whiskers are more difficult than particles to disperse uniformly in a ceramic
matrix. Furthermore, the matrix is more difficult to densify to a pore-free con-
dition; the whiskers form an infrastructure that inhibits shrinkage of the ceramic
during sintering. For whisker volume fraction greater than about 10%, either hot
pressing or liquid-phase sintering are generally required. Table 2.6 included some
examples of whisker-reinforced ceramic matrix composites.

The most extensive development has been conducted on the addition of SiC
whiskers to aluminum oxide [41, 42]. Figure 2.10 illustrates improvement in
strength with different volume percent of SiC whiskers. The whiskers increase
the high-temperature strength as well as the room-temperature strength and also
improve the creep resistance, the stress rupture life, the thermal shock resistance,
and the Weibull modulus. A data sheet from Advanced Composite Materials
Corp., Greer, South Carolina, reported that alumina with SiC whiskers survived
quenching from 900°C into room temperature water, while unreinforced alumina
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FIGURE 2.10 Improvement in strength by addition of SiC whiskers to alumina [32].
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showed a severe drop in strength after a quench from only 200°C. Rhodes and
co-workers [43] reported an increase in Weibull modulus to 22.5 for alumina con-
taining 25 vol% SiC whiskers, compared to Weibull modulus of only 4.6 for the
baseline alumina with no whiskers. High modulus means low scatter in strength
data and generally high reliability. For example, the baseline alumina strength
test bars showed large variation in strength, ranging from 300 to 650 MPa, while
the alumina with 25% SiC whiskers varied only from about 580 to 700 MPa.

As was the case with silicon nitride and alumina—TiC, the first major indus-
trial application of alumina—SiC,, composites was for cutting tool inserts. The
increased toughness allowed these cutting tools to survive better than mono-
lithic alumina, and the excellent high-temperature strength and chemical corrosion
resistance allowed longer life and higher rate of cutting than cemented carbide
tools. An interesting example is the use of alumina—SiC,, inserts for turning and
threading an aircraft landing gear lever arm made of hardened (56-58 HRC)
300 M alloy steel. The turning operation was reduced from 12.5 to 1.5 h and the
threading operation was reduced from 75 to 10 min [10].

Alumina—-SiC,, composites have also been used successfully in other indus-
trial applications including wire drawing dies, extrusion dies, tooling for making
aluminum cans, valve seats, seals, and plungers for chemical pumps.

SiC whiskers have been added as reinforcement to other ceramic materials.
Buljan and co-workers [33] prepared by hot pressing silicon nitride matrix sam-
ples that contained 30 vol % SiC whiskers. They reported strength/toughness
of 970 MPa/6.4 MPa - m'/? at room temperature, 820 MPa/7.5 MPa - m'/? at
1000°C, and 590 MPa/7.7 MPa - m'/? at 1200°C. These values are not signif-
icantly different from those that can be achieved with self-reinforced silicon
nitride at substantially lower cost.

Other researchers have explored the use of SiC whiskers to increase the
low-temperature toughness and the temperature capability of molybdenum dis-
ilicide (MoSi,). MoSi, is brittle and has low toughness (~ 5.3 MPa - m!/?) at
temperatures up to about 1000°C. Around 1000°C, MoSi, goes through a brit-
tle/ductile transition. At 1200°C MoSi, has a yield strength of 139 MPa that
drops to 19 MPa at 1400°C and 8 MPa at 1500°C. Addition of 20 vol % SiC
whiskers increases the room temperature toughness to 6.8 MPa - m'/2, 1200°C
yield strength to 386 MPa, the 1400°C yield strength to 125 MPa, and the 1500°C
yield strength to 70 MPa [36, 44]. The MoSi,—SiCy, composite has potential to
increase the life and durability of industrial heating elements and also critical
parts in glass melting furnaces.

2.11 NOVEL CERAMIC MATRIX COMPOSITE FABRICATION
APPROACHES

2.11.1 Reaction Formed with a Ductile Metal Reinforcement
Phase [19]

One reactive method, often referred to as directed metal oxidation, involves
reaction of molten aluminum with the oxygen in the air [45]. Normally, when
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aluminum metal is exposed to oxygen, a thin crust of aluminum oxide forms on
the molten metal surface and acts as a barrier to further oxidation. However, if
Mg and Si are added to the Al, the molten alloy wets the edges of the alumina
crystals that nucleate on the surface of the Al such that the metal is wicked
to the surface continually as the alumina is formed. An intertwined network of
metal plus ceramic results. If the reaction temperature is high, around 1150°C,
the ceramic—metal composite is mostly ceramic and has fracture toughness of
only 4.7 MPa - m!/2, If the reaction temperature is lower, around 900°C, the per-
centage of metal increases and the fracture toughness also increases to about
7.8 MPa - m'/2. In both cases, the material has very high wear resistance and
higher temperature capability than aluminum.

Other composite structures can be achieved by this directed metal oxidation
process [45, 46]. If a bed or layer of particles or fibers is placed adjacent to the
molten aluminum, the aluminum-alumina will grow right through to produce a
particulate or fiber-reinforced ceramic—metal composite. This approach has been
used with hard silicon carbide particles to achieve very wear-resistant parts that
have performed well in many industrial applications.

Another interesting material that has been prepared by a reactive process com-
bines toughening by platelet-shaped grains plus a ductile metal phase [37]. A
porous perform of compacted boron carbide powder is placed in a graphite mold
with zirconium metal. When heated to 1850—-2000°C in an inert atmosphere,
the Zr metal melts, infiltrates the preform, and reacts with the boron carbide to
form a mixture of zirconium diboride platelets and zirconium carbide grains. The
quantity of Zr can be varied either to be completely consumed by the reaction or
to be retained as a residual metal phase to over 30% by volume. A sample with
only 1% Zr had fracture toughness of 11 MPa - m'/2, while a sample with about
30% Zr had fracture toughness over 20 MPa - m!/2.

2.11.2 Fibrous Monolith Composites

Even though the fracture toughness of in situ, particulate, and whisker-reinforced
ceramics is improved compared to monolithic ceramics, these ceramic matrix
composites still fracture in a brittle mode. As is discussed in the next chapter,
addition of continuous (long) fibers can result in nonbrittle fracture modes. How-
ever, continuous fibers are currently very expensive, and the resulting composites
generally are not cost competitive for most industrial applications. The fibrous
monolith was a concept introduced in 1988 by Coblenz [47], envisioned to pro-
duce a composite structure comparable to the use of continuous fibers, but starting
with inexpensive powders.

The concept of a fibrous monolith can best be understood by describing
the steps in fabrication and the resulting microstructure. A silicon nitride/boron
nitride material is used as the example [48]. The first step is to extrude a vis-
cous mixture of silicon nitride powder (plus sintering aids) and a polymer binder
through a small orifice to form a long filament. The filament is then coated
with a surface layer of boron nitride. Coated filament also has been achieved
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in a single coextrusion step. Strands of the BN-coated filament are stacked in
the desired orientation (usually unidirectional) in a die and warm pressed at a
temperature where the polymer deforms, typically 100—150°C. The filaments
deform into flattened hexagonal “cells” that extend through the complete length
of the sample and are separated from each other by the BN. The binder is
burned off and the sample or part is hot pressed at about 1750°C to densify
the silicon nitride. The BN is a nonreactive layer that prevents the cells from
bonding to each other during hot pressing, so the silicon nitride retains a pseud-
ofiber form. The material fractures similarly to wood with a high degree of
crack deflection, debonding, and cell pull-out. Flexural strength is typically in
the range 500—700 MPa, elastic modulus 270-280 GPa, and work of fracture
700010, 000 J/m?* [49].

Fibrous monoliths have been fabricated from a variety of other cell/cell bound-
ary combinations including SiC/BN, SiC/C, ZrB, /BN, alumina/aluminum titanate,
alumina/metals, and even a novel arrangement of diamond and WC—-Co. [48—-50].
The fibrous monolith that appears closest to industrial application is the dia-
mond/WC—-Co material. It has been constructed into inserts for drill bits for rock
drilling and has performed very well in laboratory and field tests [50]. In the most
extensive field test, a hammer bit with fibrous monolith inserts cut through 2500 ft
of hard, silicified sandstone in search of a natural-gas deposit.

2.12 SUMMARY

Broad progress has been achieved during the past 30—40 years to improve the
properties and reliability of ceramic materials for structural applications. Strength,
Weibull modulus, hardness, fracture toughness, and resistance to thermal shock,
high-temperature creep, and environmental attack all have been improved dra-
matically. Aluminum oxide has continued to be a workhorse for corrosion and
wear resistance applications. Silicon carbide, silicon nitride, and transformation-
toughened zirconia have all emerged as viable structural materials and are rapidly
growing in importance.

Improved understanding of the relationships of properties, microstructure, and
processing have contributed to the improvement of monolithic ceramics and
also encouraged the development of ceramic matrix composites. Carefully engi-
neered microstructures are now available to optimize individual ceramic materials
for specific needs such as high hardness, creep resistance, and high toughness.
Ceramic-based materials are now more than ever important for an engineer
to consider as alternatives when seeking the optimum material for a specific
application.
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3.1 INTRODUCTION

As shown in the previous chapter, ceramics are finding use where temperatures
exceed the capability of other materials, especially metals. Even so, they are
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not selected for many applications because of the brittleness of these monolithic
ceramics. In the search for improved toughness, material scientists conceived
the idea of reinforcing ceramics with continuous strands of high-temperature
ceramic fiber, analogous to continuous fiberglass-reinforced plastics. Embedded
continuous ceramic fibers reinforce the ceramic matrix by deflecting and bridg-
ing fractures.

These continuous fiber-reinforced ceramic composite (CFCC) materials offer
the advantages of ceramics: resistance to heat, erosion, and corrosion—while
adding toughness and thermal shock resistance. The result is a lightweight, hard,
tough, high-temperature, thermal shock, erosion, and corrosion-resistant structural
material. These materials are used where designers seek less downtime, reduced
maintenance, lower operating costs, increased operating temperature, increased
efficiency, lower emissions, and reduced life-cycle costs (see Table 3.1). Design-
ers are evaluating and using them in applications in major industries.

Monolithic ceramics, although strong in tension, tend to fracture suddenly with
total loss of strength. Conversely, when the yield strength of CFCC is exceeded,
failure occurs “gracefully,” with the material able to continue to bear load. This
feature reduces the risk of catastrophic failure and encourages designers to use
CFCC materials for this and other benefits (see Fig. 3.1).

All CFCC materials are composed of a ceramic fiber, a fiber—matrix interface
coating and a ceramic matrix, arranged to form a continuously reinforced mate-
rial. The fiber is converted to useful form by using conventional textile-forming
techniques: single-fiber filaments can be grouped into a tow, woven into fabrics,
cut, sewn, laminated, and tooled to form a net-shape preform for subsequent
processing. Other forming processes include winding the coated fiber filaments
onto a mandrel to form tubes, cylinders, and related shapes. This formed fiber
shape, or preform, is infiltrated with a ceramic matrix by various techniques and
converted to a ceramic by the application of heat and pressure.

The fibers provide toughness by arresting cracks, bridging cracks, and by a
phenomenon known as fiber “pull-out.”

For a crack to grow, energy must be expended. When the crack comes to a
fiber, it must divert around that fiber. This consumes more energy than linear
growth and the crack will stop. If the crack is propagated by sufficient energy
to pass around the fiber, the fiber can bridge the crack and hold the composite
together. Finally, if the forces are sufficient to fail the composite, the fiber must
be pulled out of the composite. This pull-out requires additional energy and, as
the fibers continue to carry the load, a noncatastrophic, load-bearing failure mode

TABLE 3.1 CFCC Characteristics

Characteristic Advantage

Resists corrosion Survives hostile environments
Resists high temperatures ~ Use temperatures to 2200°F
Fiber reinforced Survives cyclic loading

Near-net-shape fabrication Lowers life-cycle cost
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FIGURE 3.1 Continuous fiber reinforcement changes the shape of typical ceramic stress—
strain curve. Yields occurs “gracefully.” This slow yield eliminates sudden failure.

Crack defected by fiber
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FIGURE 3.2 This video frame shows fiber stopping a crack. This consumes energy and
maintains CFCC integrity.

or metal-like behavior results. Therefore, the shape of the CFCC stress—strain
curve beyond the elastic limit is determined by the ability of the ceramic fiber
to “slip” through the matrix. This slip is facilitated by appropriate fiber coatings
(see Figs. 3.2 and 3.3).

Typical properties of CFCCs are shown in Table 3.2. They are presented as
a range since CFCCs are a family of products composed of various ceramic
fibers, coatings, ceramic matrices, and made by various processes by several
manufacturers. This offers the advantage of selecting from a range of CFCC
materials or customizing a formula to meet your specific requirements. Future
compositions may have properties outside this range.
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FIGURE 3.3 When overstressed, fibers pull away from matrix. Fiber—matrix interface
coating allows fiber to slip within matrix, taking any load onto fiber, lending strength
to composite.

TABLE 3.2 CFCC Properties at Room Temperature

Property Range of Values
Density 2.1-3.1 glem® 0.076-0.112 1b/in.3
Open porosity 0-20%
Tensile properties
Strength 207-400 MPa 31-60 ksi
Modulus 90-250 GPa 13-36 Msi
Strain to failure 0.4-0.8%
Flexural properties
Strength 200-480 MPa 29-70 ksi
Modulus 83-240 GPa 12-35 Msi
Compressive strength 450-1100 MPa 65-159 ksi
Shear strength 28—-68 MPa 4.0-9.8 ksi
Room temperature thermal conductivity 1-40 W/m°C

A major reason for choosing ceramics is their high-temperature performance.
In Fig. 3.4, the specific strength of CFCCs is compared to other high-temperature
materials. The various types of CFCCs and their processes are given in Section 3.3.

Continuous fiber reinforcement is used as monofilament or multifilament tows.
A composite using fiber tows costs less because it is easier to process into
complex shapes. Some of the more common fibers include oxides (alumina and
mullite) and nonoxides (silicon carbide and silicon nitride). Where application
temperatures are below 1100°C (2012°F) or the exposure time is limited, the
oxide fiber mullite is most widely used because of its lower cost. Silicon carbide is
favored where engineers desire a stronger, harder, stiffer composite with superior
thermal stability.
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FIGURE 3.4 CFCCs operate beyond temperature range of best metals.

Ceramic matrices used in CFCCs are either metal oxides or nonoxides. Oxides
are desired for their inherent oxidative stability. Oxide matrices are alumina,
silica, mullite, barium aluminosilicate, lithium aluminosilicate, and calcium alu-
minosilicate. Alumina and mullite are the most frequently used oxides because of
their thermal stability, chemical resistance, and their compatibility with various
fiber reinforcements. Although the oxide matrices have a longer history, nonox-
ide CFCCs are stronger, harder, stiffer, and uniquely resist certain environments.
Common nonoxides include silicon carbide and silicon nitride.

Composites of fiber and matrix can be mixed and matched, that is, oxide
matrix reinforced with nonoxide fibers, and visa versa, as well as oxide fibers
with oxide matrix and nonoxide fibers with nonoxide matrix. The most widely
used reinforcement is silicon carbide fiber because of its compatibility with a
wide range of oxide and nonoxide matrices. Table 3.3 shows the variety of
CFCC materials.

TABLE 3.3 CFCC Materials and Processes

Process Matrix Fiber Manufacturer
Chemical vapor SiC SiC Honeywell
infiltration (CVI) Advanced
Composites
Direct metal oxidation Al O3 SiC, Al,O3 Honeywell
(DMO) Advanced
Composites
Polymer impregnation SiC SiC, SiOC, SiNC COI Ceramics
pyrolysis
Melt infiltration SiC, Si SiC General Electric
Reaction bonding Nitride-bonded SiC SiC Textron Systems
Sol—gel Mullite, Al,O3 SiC, Al,O3 McDermott,

COI Ceramics
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3.2 APPLICATIONS

The many applications of CFCCs illustrate the variety of their shapes and sizes
(Fig. 3.5). Cylinders or tubes are widely used in industry. They are usually made
of metals, either wrought or centrifugally cast. They commonly fail by corro-
sion from products of combustion, or erosion, or creep when operated at high
temperatures, and are relatively heavy. They are subject to fouling, especially
when catalyzed by metal-alloyed constituents required for high-temperature use.
Ceramics have advantages over metals: higher temperature capability, lighter
weight (requiring less support structure), corrosion resistance (permitting reduced
wall thickness), and reduced fouling, especially with silicon carbide.

3.2.1 Heater Tubes

Process streams are often heated by immersion heaters. Engineers are evaluating
CFCC materials in immersion heaters to melt aluminum. Aluminum is normally
melted in reverberatory furnaces or in furnaces with radiant burners. These meth-
ods have several limitations: (1) efficiency is limited, resulting in at least 60% of
the heat going up the stack; (2) vapor-phase reactions in the space between the
tubes, furnace ceiling, and melt result in the formation of oxide scale that con-
taminates and lessens the quality of the aluminum; and (3) heating is nonuniform.
All affect aluminum quality and cost.

An alternative method is gas-fired immersion tube heaters, with monolithic
silicon carbide ceramic tubes immersed directly into the aluminum. These tubes
have demonstrated increased efficiency, more uniform heating, and substantially
reduced contamination. However, they are susceptible to thermal shock.

FIGURE 3.5 CFCCs can be made in wide variety of shapes and sizes.
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Engineers are evaluating tough CFCC materials because they do not have
these limitations. Also, CFCC materials are not wetted by molten aluminum and
are not chemically attacked by either the aluminum on the outside of the tube
nor the combustion gases or heating element on the inside (Fig. 3.6).

Textron Systems Corporation, Lowell, Massachusetts, is using a computer-
controlled 5-axis winding machine with a seamless mandrel to fabricate and test
these immersion tubes. Textron is teamed with Deltamation (a furnace designer),
F. W. Shafer (a furnace manufacturer), Doehler-Jarvis (an aluminum caster),
and an automotive manufacturer to evaluate their tubes. These tubes have sur-
vived 1752 h operating in a production aluminum caster. This exposure included
the normal practice of cycling through 30 h of melting at 870°C (1600°F) with
15 min of pour time. The CFCC survived the thermal shock of 2 cold starts and
the 50 tube withdrawals during the pours. They continue operating toward a goal
of 3000 h. Success would realize benefits of reduced downtime, increased prod-
uct yield, improved quality, increased efficiency, reduced energy consumption,
reduced emissions, and lower operating costs. Energy savings accrue due to an
increased heat transfer improvement of 40% and increased product yield. Fifty
trillion Btu/year would be saved if CFCC tubes were used to melt all U.S. alu-
minum. Emissions are reduced because less fuel is consumed and recuperation
is enabled.

FIGURE 3.6 Immersion tubes contain the heating element. Tubes are inserted into the
pot of metal and heated, melting the metal. Thermal shock and stress are severe, especially
at the melt line.
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3.2.2 Gas Turbine Engine Applications

The use of CFCC components in gas turbine engines increases their efficiency,
resulting in fuel savings, reduced emissions, reduced downtime, and other bene-
fits. A turbine is a rotary engine that uses a continuous stream of fluid to turn a
shaft that drives machinery. A gas turbine engine uses gas as fuel. This engine
consists of a rotary bladed shaft passing through a compressor, combustor, and
exhaust sections. Air is compressed, mixed with fuel, ignited in the combustor,
and then exhausted through rotary blades that spin, driving the upstream com-
pressor as well as downstream machinery. Fuel can be natural-gas, kerosene, or
gas rendered from coal. The hot exhaust gases can be used to power pumps, other
equipment, electrical generators or to generate steam for industrial processes or
both, a so-called cogeneration system.

Natural-gas-fired turbines are slated to provide 80% of new electrical power
capacity in the United States. Of the 200 planned power plants, 96% will use
natural-gas fuel, most fueling gas turbines.

Turbine manufacturers are interested in reducing downtime and emissions and
improving engine efficiency. Engine shutdowns are the bane of utility operators.
The resulting severe thermal shocks damage these large expensive engines. This
is the primary reason these engines are limited to lower temperature operation
resulting in lower efficiency.

Turbine engine efficiency, as with all heat engines, is determined by operating
temperature. The higher the temperature, the higher the efficiency. A turbine
engine efficiency increase of 0.4% results in fuel savings of $460,000/ year for a
160-megawatt (MW) engine. A 0.5% additional airflow through the combustor (as
a result of reduced cooling to the shroud), at base load conditions, could reduce
NO, emission levels 10-25%. A 1.25% reduction in pressure drop, as a result
of less cooling, could lead to a $370,000 fuel savings per year per engine. One
turbine engine is designed with CFCC components with an efficiency increase of
15% because its use allows for near-stoichiometric fuel combustion for increased
power without the cooling air requirement penalties associated with metallic
structures. Replacing steel with CFCC combustor liners, shrouds, and interstage
seals enables this increase in efficiency (Fig. 3.7).

Combustors have inner and outer liners. The inner liner faces the flaming
gases. It is a cylinder, perforated to pass fuel that combines with compressed air
and ignited in the combustor. Cooling air flows between the inner and outer liners
to preserve the inner liner. Diverting air for cooling also reduces efficiency. The
more thermally stable CFCC combustor liners lower and potentially eliminate the
need for cooling. At a given NO, level, metal liners showed higher CO levels than
the CFCC liner. This is attributable to the quenching effect of cooling air. With
no cooling air, the CFCC combustor produced NO, levels below 10 ppm (15%
oxygen) with low CO emissions. Metallic liners were limited to NO, emissions
near 20 ppm.

The very high-temperature gases from the combustor pass through the first-
stage turbine stator into the first-stage rotor. Concentric to the outer diameter of
the rotor blades is a ring of stationary components called shrouds. Shrouds are



APPLICATIONS 97

FIGURE 3.7 CFCC thermal stability enables higher operating temperatures resulting in
increased efficiency.

a series of open-top, curved walled boxes attached to the engine inner case and
concentric to the outer diameter of the rotating blades. They seal between the
inner engine case and the end of the rotating blade. The clearance between the ring
of shrouds and the rotor blade is minimized to reduce exhaust gas leakage around
the end of the blade. The shroud of a 160-MW engine is 2.44 m in diameter,
consisting of 96 rectangular segments 7.6 cm wide, 15.2 cm long and 1.3 cm
high. Shroud temperatures can reach 1290°C (2354°F) if uncooled. They are
presently made of metallic super alloys and require about 1.2% of the compressor
output for cooling. CFCC shrouds enable higher temperature operation, reduce
the amount of cooling air required by 80%, resulting in a higher efficiency turbine
operation, reducing emissions by 10-25%.

CFCCs successfully performed during 100 shutdowns after steady-state oper-
ation at 1115°C (2120°F). To create an excessive thermal shock condition, high
airflow rates were maintained after the fuel was turned off resulting in dramatic
temperature reductions, high thermal stresses, and complex mechanical stresses
in the CFCC shroud. CFCCs achieved the primary goal of demonstrating risk
reduction to the engine operator. CFCC combustors, compared to metal combus-
tors reduce NO, by 47-60% and CO emissions by 33—60%.



98 CONTINUOUS FIBER CERAMIC COMPOSITES

Downstream, another type of interstage seal is used. Since the metal rotating
blade and the metal seal thermally expand as the engine warms-up, it cannot be
designed to end-seal exhaust gases at all operating temperatures. An abradable
seal is placed around the inner case surface. The rotating blade expands into and
cuts a path in this material, forming a perfect seal, preventing exhaust gas leakage
and increasing efficiency. CFCCs possess the appropriate physical properties and
heat resistance to perform satisfactorily as this interstage seal. This seal will
improve efficiency, resulting in fuel savings of 0.5%.

Malden Mills, a Polartec” textile mill in Lawrence, Massachuesetts, has a
Solar Centaur 50S gas turbine outfitted with CFCC components. The turbine
generates steam, electricity and heat. It uses 25-40% less fuel than todays coal-
fired plants and emits 40% less carbon dioxide, a greenhouse gas. The CFCC
turbine has successfully operated for 16,000 h and continues to perform.

CFCC thermal stability, thermal shock resistance, strength and oxidation resis-
tance is enabling gas turbine engines with higher operating temperatures, increas-
ed efficiency, reduced downtime, maintenance, emissions and operating costs.
CFCC light weight is also of interest to airborne turbine users where 30% of
turbine weight would be eliminated.

3.2.3 Hot-Gas Filters

McDermott Corporation, Lynchburg, Virginia, engineers use this same process
technology to produce CFCC flanged closed-end porous tubes. These tubes per-
form as filters used to remove solids from gases. The solids may be either
the desired product or a contaminant or a catalyst to be recovered and recy-
cled. Their removal protects downstream equipment from erosion. Filters must
withstand chemical corrodants, high-speed hard-particle impingement, long-term
strength retention, pulse stress, vibration, fatigue, temperature, pressure, and high
mechanical and thermal stresses. They must maintain low pressure drops and high
flow rates to sustain production rates. Filter materials must not contaminate the
product stream (Table 3.4).

Metals and monolithic ceramics have been the materials of choice. Metals
tend to corrode and have temperature limitations. They also require cooling the
gas stream prior to filtering, thereby decreasing efficiency, increasing costs and
complexity by requiring gas dilution air scrubbers or heat exchangers. Monolithic

TABLE 3.4 CFCC Candle Filter Material Typical
Properties

Construction: Nextel™ Ceramic Fibers in a silicon
carbide matrix

Continuous use temperature: 1204°C (2200°F)

Maximum short-term temperature: 1315°C (2400°F)

Coefficient of thermal expansion: 4.6 x 1076/°C
(2.5 x 107%/°F)
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ceramics are limited due to susceptibility to thermal stresses, mechanical shock,
and damage during installation.

One specific application is filtering coal ash from coal gas. Coal gasification
plants generate electricity from gas created by heating coal. The gas is fed, as
fuel, to a turbine engine. The engine turns an electric generator.

Coal gasification plants are of interest since they offer certain advantages over
traditional coal or natural-gas-fired utility plants. Gasification plants emit less
carbon dioxide and oxides of nitrogen and cost less to operate.

The turbines require particle-free gas fuel for safety, cost, and meeting clean
air regulations. Coal ash is filtered from the coal gas stream through the use of
candle filters. These filters are porous, hollow tubes 1.5 m (59 in.) long. They
are ganged into arrays as shown in Fig. 3.8.

Hot coal gas is pumped onto and through the filter leaving the coal ash on
the outside. The clean gas passes through the open end of the tube and into the
turbine. The coal ash accumulates until the system is occasionally back-pulsed,
every 15 min at 90 psi gage, to drop the ash into collectors. The ash buildup can
become so great that it bridges between tubes and creates a surprisingly high
mechanical stress. The back-pulse is also a major physical shock on the filters.

Power plants in Karhula, Finland, and Wilsonville, Alabama, are evaluating
CFCC hot-gas filtration systems. The Karhula plant has operated CFCC filters
successfully for 580 h. The Wilsonville plant is operated by Southern Company
Services. Its CFCC filters continue to operate successfully beyond 3000 h at
850°C (1800°F). The CFCC filters are resisting the corrosive coal ash, high
temperatures, and both thermal and physical shocks.

FIGURE 3.8 Individual filters on left are ganged into assembly shown on right. Porosity
is built into CFCC cylinder to filter fine solid particles from coal-derived gas prior to
burning in turbine engine. Engine energy is converted to electricity. These filters are also
useful for filtering other solids from other gas streams.
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Within other gaseous streams there is often a need to remove particulates
before further processing. Conventional filtration materials and techniques either
are inefficient or insufficiently rugged to survive in the process environment.
Energy efficiency and throughput can be accomplished with CFCC filters that
withstand both corrosive and high-temperature environments and mechanical and
thermal stress. The proposed filtration concept cleans itself via back-pulsing, with
apparent indefinite life.

A candle filter system offers two advantages over electrostatic systems that are
coupled with liquid scrubbers. It eliminates the need to cool the stream saving
energy, capital, and maintenance. Second, the filtered stream is available for
heat recovery.

McDermott Corporation CECC filters have a density of 0.8 g/cm®. The com-
bined effect of lower weight and thinner walls enables a smaller, simpler sup-
porting structure. CFCC hot-gas filters offer thermal stability, strength, resistance
to thermal shock, resistance to fatigue, corrosion, erosion, and general inertness.
Anticipated benefits include reduced downtime, increased throughput, reduced
energy consumption, longer life, reduced emissions, increased product yield,
increased efficiency, and reduced cost.

3.2.4 Heat Exchangers

High-pressure heat exchanger efficiency can be significantly increased and down-
time reduced with CFCCs. Heat exchangers made of tough CFCCs survive
thermal shock, operate at higher temperatures longer, and resist fouling erosion
and corrosion. Where reactions are conducted in the exchanger, higher operating
temperatures lead to faster reactions, less residence time, and improved efficiency.
Many processes use heat exchangers to capture heat from exhaust streams to pre-
heat inlet streams. In one example, in a CFCC natural-gas preheater, compared
to metals, the overall efficiency improved from 35% to a new efficiency of 47%.
The metal heat exchanger was limited to 816°C (1500°F) or less. It required
cooling the gas stream and reheating it to 1260°C (2300°F) downstream. The use
of CFCCs eliminated cooling the gas upstream of the exchanger and the reheating
step. This saved 33% of the thermal loading. Reduced fuel consumption reduced
cost and lowered emissions (Fig. 3.9).

In another example a heat exchanger preheats a stream of combustables prior
to incineration. This facility incinerates a wide variety of waste, both solid and
liquid, except polychlorinated biphenyls (PCBs) and dioxin, from 80 locations.
The flue gas typically contains HCI, water vapor, oxides of carbon, sulfur, and
nitrogen. The ash is comprised of oxides of aluminum, calcium, iron, sodium,
potassium, and silicon along with small amounts of heavy metals. A com-
bination of solid and liquid waste was burned at a rate of 1360-1810 kg/h
(3000—4000 Ib/h). CFCC heat exchanger tubes were exposed to inlet air and
flue gas temperatures of 425-980°C (800-1800°F). After 6 months operation
the strength of CFCC heat exchanger tubes did not change. This test was the
first successful demonstration of a high-temperature CFCC heat exchanger in a
highly corrosive environment under actual industrial conditions.
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FIGURE 3.9 Individual tubes on left are assembled into heat exchanger on right. Ther-
mal stability and nonbrittle nature of CFCCs make them candidate components of high-
temperature or corrosive environment heat exchangers.

Since CFCCs withstand higher temperatures than the previously used metal,
the downstream incinerator burns the incoming stream more completely with
less noxious emissions, reduced energy consumption, reduced operating cost,
and reduced landfill.

High-pressure heat exchangers are used as the reaction vessel in a new process
to form ethylene (Fig. 3.10). This new method will dramatically improve this pro-
cess. The thermal stability and corrosion resistance of a CFCC heat exchanger
will improve reformer efficiency. This is particularly important because ethy-
lene production requires more energy than any other organic chemical process.
Steam cracking, the process in place for 40 years, was optimized long ago. The
new process, called reforming, will improve efficiency and reduce energy con-
sumption. Materials of construction must withstand methanol, hydrogen, and
ammonia. As an intermediate step, CFCCs are being evaluated to improve the
conventional steam cracking process that is used today to form ethylene and other
hydrocarbons.

In conventional steam cracking systems, the feedstock is mixed with steam
and passed at high-temperature and pressure through metal tubes in a direct-
fired furnace heat exchanger. The process is constrained by the metal alloys
used. By replacing those alloys with CFCC, higher temperature and pressure
can be achieved that will significantly improve ethylene yields. Boosting process
temperatures to 980°C (1800°F) from the current maximum of 900°C (1650°F)
will increase the yield from 27 to 37%, an increase of 36%.

Continuous fiber-reinforced ceramic composites resist high-temperature cor-
rosive reforming by-products: methanol, hydrogen, and ammonia. Coking, a
process-retarding carbon deposition catalyzed by the metals normally used, is a
problem. Steam, normally mixed with the feedstock, is added, in part, to reduce
coking. The use of CFCCs minimizes coking and is expected to allow the process
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FIGURE 3.10 CFCC thermal stability and toughness improve reformer yield.

to run 50% longer before downtime for maintenance. Run length is expected to
increase from 60 to 90 days in the case of ethane as the feedstock. Steam use is
also reduced.

Overall, the combination of increased yield, greater run lengths, reduced feed-
stock, and steam and energy use is expected to increase ethylene production
capacity by 10%. Similar results are expected for reformers making cleaner
gasoline. Participants in this endeavor include Stone & Webster Engineering
Corporation and the CFCC suppliers.

3.2.5 Pump Components

The resistance of CFCCs to corrosion and their near transparency to electrical
eddy currents make them an attractive candidate containment shell for canned and
magnetic driven pumps. Canned motor pumps, widely used in chemical process-
ing, move hazardous liquids where a leak cannot be tolerated. The pumps are used
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for acids, alkali salts, alcohols, aromatics, monomers, polymers, hydrocarbons,
halogenides, and other chemicals. These liquids are often at high-temperature.

The outer case of the pump contains coils of electrical wires analogous to
the stator windings of an electrical motor. The inner, rotating, portion of the
pump contains coils of electrical wire like the rotor of an electrical motor. When
an electrical potential is applied to the stator, the rotor spins, driving the pump
impeller attached to it. A containment shell separates the stator from the rotor, is
the guide/housing for the rotor, and seals the pumped liquid away from the pump
driving mechanism. Shell materials need high hoop strength, corrosion resistance,
and low electrical conductivity.

Metallic containment shells conduct electricity, causing a substantial loss
of power. CFCC shells are not electrically conductive so they eliminate any
eddy current and drag and thus reduce the electrical energy required to operate
the pump as well as reduce heat transfer to the liquid. Dow Corning Corpo-
ration engineers teamed with Sundstrand Corporation to evaluate CFCCs as
canned pump shells handling hazardous liquids in processes up to a maximum
temperature of 450°C (840°F). The technology can be extended to magnetic
pumps.

The thermal stability, toughness, corrosion resistance, and unique electrical
properties of CFCCs and their use in canned pumps will result in reduced down-
time, increased throughput, reduced energy use, and reduced operating costs.
This application also demonstrates the ability to fabricate CFCCs into thin-
walled structures.

3.2.6 Separator Components

Other applications requiring excellent toughness and erosion resistance include
internal components of cyclones that separate solids.

Engineers in a major U.S. city evaluated CFCCs vortex finders in a waste
separating cyclone (Fig. 3.11). The cyclone separates combustible from noncom-
bustable trash. A downstream incinerator converts the combustable trash to steam
for plant use and generation of electricity. Trash, mixed with sand to facilitate sep-
aration, is fed at high-speed into the heated cyclone. The cyclone has a centrally
located hollow tube, called a vortex finder. Sand and trash rapidly wear the metal
superalloy vortex finder. Panels of CFCC are being evaluated to replace the metal
because of their superior erosion and high-temperature resistance. They also resist
the corrosive atmosphere that contains various acids, chlorides, sulfides, trash,
and sand.

City engineers, teamed with Honeywell and Foster Wheeler engineers, tested
CFCCs in this rigorous application. CFCCs retained 100% of their original prop-
erties after 2500 h of operation. This included a 300-h startup followed by 2200 h
of operation at 900°C (1650°F). The erosion rate of the 4 x 8 ft CFCC panels is
11—3 that of the superalloy metal panels.

The reduced maintenance and downtime saves money as well as enabling
increased operating temperatures, more complete combustion, and less landfilling
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FIGURE 3.11 Erosion resistance of CFCCs improve durability of this cyclone separator.

of trash. Maintenance is particularly costly because the cyclone is located 60 ft
above ground, requiring scaffolding, adding to downtime. The lighter panels
of CFCC ease handling and installation. CFCCs enable reduced maintenance,
a higher operating temperature, increased efficiency, reduced energy use, and
produce less pollution. Higher operating temperatures also allow hotter air to
reach the heat exchanger, increasing steam and energy production.

Other solid—solid separation processes also need erosion-resistant parts. Using
industries include chemical processing, power generation, and others. The suc-
cessful use of CFCCs in municipal waste incinerators make them candidates for
applications in these other industries.

3.2.7 Infrared Burners

Another application of tubular CFCC materials is in gas-fired infrared burners.
These burners are used to dry paper, paint, textiles, and cure plastics. They
are used instead of steam boxes, black-body infrared burners, and convective
and electrical infrared heaters because they are more reliable, versatile, flexible,
exhibit less heat loss, and are more efficient. Their heat can be applied exactly
where it is needed. They have been made of metal, which has limited thermal
stability, spectral control, and efficiency.

Continuous fiber-reinforced ceramic composite infrared heaters offer the ad-
vantages of ceramics plus the ability to tailor the spectral emission, through the
addition of rare earths, to match that of the heated material. Typical burners of
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this type emit radiation over the full spectrum, although only a narrow spectrum
of energy is required. By modifying the CFCC formula with the addition of
rare earths, the spectral emission is controlled, matching water absorption wave-
lengths, thereby optimizing heat transfer. Selective emittance burners lower fuel
consumption, result in faster heat-up and cool-down cycles, and increase the
throughput of dried product, resulting in improved operating efficiency. CFCC
thermal stability and thermal shock resistance improves durability, provides addi-
tional operating efficiency, and reduces life-cycle cost.

3.2.8 Radiant Burners

Continuous fiber-reinforced ceramic composites are easily formed into flat sheets
and cut into shapes. Radiant burner screens are an example. Radiant burners are
among the most efficient with very low NO, formation. One design has a man-
ifold through which gaseous fuel is fed and ignited. Efficiency is increased by
adding a mesh screen directly in front of the manifold (Fig. 3.12). The screen
protects the burner from damage and sustains emissivity. It also acts as a rever-
beratory screen because it reflects the burners heat back onto it, completing

Radiant
Burner

FIGURE 3.12 Radiant burners and their screens may be flat as shown here or cylin-
drical. These screens protect the burner from rough handling and falling refractory and
increase burner efficiency. CFCC screens operate at higher temperatures enabling maxi-
mum efficiency.
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combustion and spreading the flame uniformly across its surface. The screen
nearly doubles the radiated heat. Radiant burners use natural-gas to provide uni-
form high heat transfer efficiently with low emissions. They are used in residential
warm air furnaces, commercial deep-fat fryers, dryers for the plastics industry,
commercial greenhouses, and residential and commercial water heaters. Other
industrial applications include fire-tube and fluid-tube boilers, process heaters,
paper dryers, and high-efficiency volatile organic compound incineration. Other
processes that could benefit from this method include metal treating, organic
chemical oxidizing, plastic curing, and drying paint and paper and other materials.

Honeywell, Alzeta, Visteon, and an automotive manufacturer teamed to eval-
uate CFCC reverberatory screen radiant burners in a glass treating facility. The
CFCC has survived the thermal fatigue of 1000 h of operation at 1100°-1200°C
(2000°-2200°F) plus 15,000 thermal cycles, and 32,000 on—off cycles with
no sign of deterioration. They experienced higher throughput, faster processing,
lower fuel consumption, greater furnace temperature control, reduced emissions,
and lower energy costs. Fuel consumption was reduced by 33%. Heat flux from
the burner doubled. Overall performance increased by 35%. Retrofit of the pre-
vious process with the CFCC reverberated radiant burner would result in less
downtime, lower maintenance, increased efficiency, reduced energy consumption,
longer life, and lower life-cycle costs.

Alzeta Corporation manufactures several types of radiant burners. One type is
used to incinerate perfluorocarbons from the semiconductor industry. A second
is used in a high-efficiency boiler system. CFCCs enable an operating efficiency
of 88% versus a previous 84%. This saves 40 billion Btu/year. Each unit emits
10 ppm less NO, than previous ones. A third CFCC unit is used in residential
water heaters. It operates at 87% versus 80—85% for burners with metal screens
and produces less than 20 ppm NO,.. The CFCC burner saves 30 billion Btu/year.

A fourth type of CFCC screened burner is the Pyrocore radiant burner product
line. CFCCs enable Alzeta to offer a longer warranty on this burner. Pyrocore
burners are generally used in boilers in virtually every industry. It reduces the
emission of global warming gases by 90-98% from each burner.

Continuous fiber-reinforced ceramic composites enable higher temperature
operation, increased efficiency, true of many industrial processes. Higher temper-
ature operation results in more complete combustion, reduced fuel consumption,
and lower emissions. CFCCs screens are tough, durable, thermally stable, dimen-
sionally stable, corrosion-resistant, and thermally shock resistant. They can be
retrofitted onto existing burners or used in their original manufacture. If 10% of
radiant burners used CFCC screens, 50 billion cubic feet of natural-gas would be
saved per year and NO, emissions reduced by 35,000 tons. Additional savings
would be realized through elimination of downstream NO, control equipment
and higher product yield as a result of more uniform heat transfer.

3.2.9 Pipe Hangers

Refineries heat crude oil by pumping it through pipes suspended in a natural-
gas-fired furnace. Stainless steel hangers have traditionally been used to support
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FIGURE 3.13 Tube (or pipe) hangers support flammable-fluid-filled pipes in refinery
furnaces. Operating at higher temperatures, CFCC hangers improve safety and reduce
downtime. Hangers supporting twin tubes are 18 in. wide and % in. thick, resulting in
less weight and lower stress on fasteners.

these long horizontal tubes (Fig. 3.13). The hangers are exposed to near 1100°C
(2000°F) in order to heat the oil to 815°C (1500°F). These temperatures are too
close to steels limit and the hangers sag, oxidize, and become brittle. Sometimes
they fail before 3 years, the required service time. Hanger failure results in burst
pipes, fire, and explosion. CFCC pipe hangers enable higher furnace tempera-
tures, resulting in increased crude throughput and higher production rates for
the refinery.

The crude furnace consists of a firebox, which is refractory lined, steel or alloy
tubing through which the crude oil is transported and heated, and metal tube
hangers that support the tubes. A typical firebox environment contains nitrogen,
carbon dioxide, and carbon monoxide along with smaller amounts of oxygen,
water vapor, and sulfur dioxide. The furnace temperature is limited by the sus-
ceptibility of the metal tubes to thermal degradation.

After 8500 h exposure in a major refinery, a silicon carbide/silicon carbide
CFCC had a flexural strength of 20 ksi, well above the required 6 ksi. The
data indicates that they will perform the required 3 years, the time of their
next evaluation.

The use of CFCC pipe hangers gives a 150°C (300°F) safety margin and a hanger
weight of 3 1b versus 30 1b for steel, enabling a safer, reduced stress application.
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CFCC pipe hangers offer thermal stability, dimensional stability, corrosion resis-
tance, fatigue resistance, and light weight compared to steel. The use of CFCC
pipe hangers will result in longer life, improved efficiency, safety, and reduced
downtime and maintenance. In this application, safety is an added benefit.

3.2.10 Furnace Fans

Continuous fiber-reinforced ceramic composites can also be made into complex
shapes. An example is fan blades. The thermal stability and other properties of
CFCCs make them attractive for high-temperature fans such as those used in
heat-treating furnaces.

Metals and other materials are heat treated in furnaces to assure uniform and
desired properties. This requires uniform heating produced by locating circulation
fans to eliminate thermal “dead spots” in the furnace. Historically, these fans
were made of superalloy steel. Performance has been limited due to the limited
thermal stability of the steel as well as fatigue and creep, which lead to imbalance
and failure. Fan imbalance requires lower fan speed, excessive maintenance,
downtime, limited furnace loads, and increased operating costs. To preserve metal
fans, furnace atmosphere is cooled before the fan and reheated upon exit, adding
to the complexity and cost of the furnace.

The use of CFCC fans enables an increase of furnace temperature to 1200°C
(2200°F) from the previous <1040°C (<1900°F). The creep resistance of CFCCs
permits fan speeds above 1100 rpm, increasing circulation, resulting in faster
heat-up rates, reduced load turnaround time, and uniform heat-treated product at
a higher yield. CFCC fans reduce fuel consumption by 3%. In addition, CFCC
fans are much lighter. They require only one person to install them (Fig. 3.14).

FIGURE 3.14 CFCC furnace fans reduce weight, requiring only one-man installation
and consuming less operating energy.
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COI Ceramics Corporation, San Diego, California, provides fans to furnace
manufacturer Surface Combustion Corporation to place in its heat-treating fur-
naces. After 6 months use, the CFCC retains 75% of its original strength. Tests
indicate that CFCC fans have twice the life of metal ones.

3.2.11 Diesel Engine Components

The development of low heat rejection diesel engine technology, for both sta-
tionary and mobile power plants, will require new in-cylinder materials capable
of withstanding the higher temperatures produced from insulating the combus-
tion chamber and nearby components. One of those applications involves the
evaluation of CFCCs as a self-lubricating valve guide.

Tests demonstrate continuous carbon fiber-reinforced silicon nitride provides
a low-friction surface, resulting in decreased wear of the valve stem. Since they
require no oil for lubrication, CFCC valve guides will save fuel, increase engine
efficiency 30%, increase reliability, and reduce particulate emissions by 25%.

Current cast-iron valve guides operate for 20,000 h. Commercial liquid lubri-
cants are fed into the guide-valve stem interface. At temperatures above 300°C
(572°F), the cast-iron has insufficient yield strength to support valve stem side
loads. The resulting deformation allows the valve to contact the cylinder liner and
not seat properly in the valve seat, decreasing its performance and life. This prob-
lem is intensified in new designs that operate at higher temperatures. At 500°C
(932°F), lubricants cannot withstand the severe thermo-oxidative environments
without deposit formation and wear. These deposits cause valves to stick and
form particles that accelerate wear. The CFCC valve guide will be used initially
in stationary diesel engines and applications may extend to internal combustion
engines in general.

The top piston ring in a diesel engine is exposed to very severe thermal,
mechanical, and chemical conditions. Each cycle of the engine exposes the top of
the piston and the first piston ring to a burst of high-pressure and high-temperature
combustion gases. They force the piston to move through the cylinder, resulting
in high mechanical stresses imposed upon the ring at both the interface with
the piston and the cylinder liner. The life of the rings is limited by wear and
cyclic fatigue.

Lubricant must be supplied to minimize these mechanical stresses. Lubricant
leaks past the ring, burns, and exits as pollution. Ceramic rings have the poten-
tial for lower wear, greater resistance to cyclic fatigue, and higher temperature
capability. They have less tendency to distort, resulting in less lubricant leakage.
Their thermal stability will permit more complete combustion and less pollution.

3.2.12 Thermophotovoltaic Burner/Emitter

Tremendous progress has been accomplished in increasing the efficiency of pho-
tovoltaic devices. Further progress can be achieved by linking high-efficiency
photovoltaic cells with a nonsolar energy source such as a high-temperature
burner/emitter. Thermophotovoltaic (TPV) power systems convert the energy
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radiated from an incandescent source directly to electricity. This method of
generating electricity is similar to solar electric systems except for the source
of radiant energy. In TPV, the energy source is a man-made emitter. The emitter
is heated to the desired temperature to optimize the energy conversion. The
heater can be heated by many sources including fuel combustion or chemi-
cal or nuclear reactions. Photocells convert the thermal energy to electricity.
TPVs are lightweight/portable, mechanically simple, efficient, and quiet. They
are attractive for residential, light industrial, appliance, and recreational power
supply/cogeneration applications. Viable applications include (1) off-grid remote
power, (2) self-propelled appliances such as furnaces and water heaters, (3) small
power generators for recreational vehicles and boats, (4) back-up power for crit-
ical loads such as communications, and (5) portable generators such as battery
chargers for remote commercial and military applications.

The higher the emitter temperature, the higher the efficiency. The thermal sta-
bility and toughness of CFCCs make them prime candidates for the burner/emitter
portion of TPV devices. One CFCC design uses a porous construction similar
to a hot-gas filter. The porous construction maximizes on—off response time,
increases resistance to thermal shock, and allows silent, low emission, surface
combustion. To achieve reasonable efficiency, the CFCC composition is selected
to emit radiation matching the band gap of the photovoltaic cells. The result is a
quiet, remote-capable, multifuel, lower emissions generator with improved effi-
ciency. Studies suggest an efficiency of 10—15% is possible, which is competitive
with current small (under 1 kW) heat engines for some applications.

3.2.13 Flame Stabilizer Ring

Over 55,000 MW of electricity is produced by steam generators using low NO,
burners fueled with pulverized coal. The burner requires a flame-stabilizing ring
at the end of the fuel nozzle. The ring anchors the flame to the end of the nozzle
and promotes stability and rapid fuel devolatilization. The flame stabilizer ring is
exposed to corrosive gases at 1100-1200°C (2000-2200°F). Metal rings degrade
faster than the other burner components. CFCCs have the potential to meet the
life goals and reduce downtime and maintenance.

Tests show that oxide—oxide CFCCs are the most chemically stable ring mate-
rial in this application. Aluminum oxide fibers are woven into cloth, cut to the
desired shape, and stacked in layers to the desired thickness. This fiber preform is
infiltrated with a liquid sol matrix and then converted to aluminum oxide ceramic
by heating.

3.3 MATERIALS AND PROCESSES

3.3.1 Ceramic Fibers

The most commonly used fibers in CFCCs are alumina, mullite, and silicon car-
bide. Silicon carbide fiber is produced by Nippon Carbon, COI Ceramics, Textron,
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and Ube. COI Ceramics distributes Nippon Carbon’s fiber tradename Nicalon. It
also produce its own silicon carbide fiber under the tradename Sylramic. Textron
manufactures silicon carbide fiber under the tradename SCS. Ube sells silicon
carbide fiber under the tradename Tyranno. 3M Corporation produces mullite
fibers and alumina fibers under the tradename Nextel.

Nicalon ceramic fiber is a silicon carbide-type fiber manufactured by a polymer
pyrolysis process. The fiber is homogeneously composed of ultrafine beta-SiC
crystallites and an amorphous mixture of silicon, carbon, and oxygen. It is
produced in several grades including those named Ceramic, HVR, LVR, and
Carbon-Coated Ceramic. The Ceramic grade is Nippon Carbon’s standard prod-
uct, offering optimum mechanical properties and performance at elevated tem-
peratures. HVR is a low-dielectric fiber that sacrifices some strength in order to
achieve low-volume resistivity. The LVR fiber has a low-volume resistivity (high
dielectric), once again balancing electrical properties with mechanical strength.
The Carbon-Coated Ceramic grade fiber is uniformly coated with pyrolytic car-
bon to a nominal thickness of 1 nm. It is commonly used to reinforce CFCCs
because the carbon coating allows the fiber to slip with the matrix. It is supplied
with polyvinyl sizing that, if not desired, is removed by hot water rinsing. Nicalon
fiber is available as continuous fiber tow or woven in 5, 8, and 12 harness satin
weaves (Tables 3.5 and 3.6).

COI Ceramics Sylramic fibers are 10 wm in diameter (fibers or fibers derived
from a polymer composed of silicon, carbon, oxygen, and nitrogen).

TABLE 3.5 Typical Properties of Nicalon™ Fibers

Grade

Property Unit Ceramic HVR LVR Carbon-Coated CG
Density g/em® 255 235 25 2.55
Tensile strength GPa 3.0 2.8 2.8 2.8
Tensile modulus MPa 210 180 200 200
Volume resistivity Q-cm 10°-10*  10° 0.5-5 0.8
Dielectric constant 5 4.5 7 8
Loss factor 0.06 0.02 2 5
Thermal W/m - K 2.97

conductivity
Coefficient of 107%/K 32

thermal

expansion
Specific heat kl/kg - K 0.72

TABLE 3.6 Percent Room Temperature Tensile Strength Retention of Nicalon™
Fiber after Thermal Exposure

Exposure: 75 h/1000°C (1830°F) 300 h/1000°C (1830°F) 75 h/1200°C (2190°F)
Argon atmosphere: 100 - -
Air: 81 70 41
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TABLE 3.7 Textron Fibers Properties

Fiber
Property SCS 6 SCS 9A SCS ULTRA
Diameter 5.6 mils (140 pm) 3.2 mils (80 pm) 5.6 mils (140 pm)
Density 0.11 Ib/in.? (3 g/cm®) 0.1 Ib/in.? (2.8 g/cm?)
Tensile at room 500 ksi (3450 MPa) 500 ksi (3450 MPa) 900 + ksi
temperature (6210 MPa)
Tensile
2192°F (1200°C) 500 ksi (3450 MPa)
2800°F (°C) 125 ksi (862 MPa)
Modulus at room 58 Msi (400 GPa) 44.5 Msi (307 GPa) 60 Msi (414 GPa)
temperature
CTEx10-6 at room 2.3/°C 4.3/°C
temperature

Textron manufactures silicon carbide-containing fibers derived from carbon.
SCS-6 is a round fiber, measuring 5.6 mils in diameter. A smaller fiber, named
SCS-9A, is 3.2 mils in diameter, more easily bent, and suitable for parts with
small radii. This round fiber is 50/50 Si/C. Textron’s newest and strongest fiber
is SCS-ULTRA, a round fiber measuring 5.6 mils diameter (Table 3.7).

3M Corporation provides metal oxide fibers as its Nextel " alumina—boria—silica
fibers. Oxide-based CFCCs are appropriate for oxidizing high-temperature envi-
ronments.

All fibers are coated to produce slippage of fibers in the matrix and to protect
the fiber during composite manufacture and corrosive attack in use. All of these
fibers may be woven in 2 or 3 dimensions.

3.3.2 Composites

Textron Systems Corporation makes tubular CFCCs products by gas-phase reac-
tion, combining elements of ceramic slip casting, filament winding, and gas-phase
nitridation bonding. The result is either a nitride-bonded silicon carbide or nitride-
bonded silicon nitride ceramic depending upon the materials and process.

Textron tubular products are formed by drawing silicon carbide monofilaments
(or yarn) through an aqueous-based slurry of silicon carbide containing a binder
(polymer), silicon powder, and silicon carbide particulates. The coated filaments
are wound onto a drum or segmented mandrel at +30° and dried. After the binder
is removed, the silicon powder is converted to silicon nitride by nitriding/heating
in a gas, typically containing nitrogen, ammonia, and hydrogen. This converts the
silicon to silicon nitride, creating a matrix of silicon nitride to bond the silicon
carbide powders and fibers together into a strong composite.

The green silicon carbide preform is densified by submerging it in a liquid
silicon carbide precursor and heating by induction to a temperature above the
decomposition temperature of the precursor. The extreme heat transfer environ-
ment imposed on the preform causes a steep thermal gradient to develop through
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FIGURE 3.15 Cylindrical shapes are usually formed by winding ceramic fibers onto
mandrel and then impregnating with ceramic matrix.

the thickness. Densification occurs by deposition of silicon carbide into open
porosity of the green form, beginning at the inside of the composite and moving
to the external surface through control of the thermal gradient. The final cylinder
is completely net shape.

For most tubes, Textron uses its large SCS-6 silicon carbide fiber. For small
cylinders, such as a 1- to 4-in.-diameter combustor liner of a small missile turbine
engine, a smaller diameter fiber, such as its SCS-9 is required to bend around
the small radius.

McDermott makes tubes by winding onto mandrels and infiltrating with alu-
minum oxide precursor sol (Fig. 3.15). The sol is converted into aluminum oxide
by heating. It also uses an alternate process of laying-up cloth onto round man-
drels, hardening, and removing from the mandrel.

Honeywell Advanced Composites Corporation, Newark, Delaware, makes
CFCC:s of silicon carbide and oxide fibers, silicon carbide and aluminum oxide
matrices in various combinations depending upon the desired CFCC properties.
It manufactures CFCCs with three processes: chemical vapor infiltration (CVI),
melt infiltration, and directed oxidation.

At the start of each process, tooling holds the shape of a preform of fiber made
of silicon carbide or carbon or metal oxide. The CVI process deposits a carbon
or boron nitride (from boron chloride, ammonia, and hydrogen) coating onto the
fiber. The coating is selected based upon the operating environment of the finished
product. Once the coating is applied, the preform is rigid and free-standing in
its desired geometry. The preform is infiltrated with methyltrichlorosilane and
hydrogen vapors that react to form a silicon carbide matrix between the coated
fibers. This is an isobaric, isothermal infiltration process conducted near 1000°C
(1652°F) under reduced pressure. This process results in parts of various shapes
and sizes including flat plates, cylinders, and more complex parts. Tables 3.8
and 3.9 list typical properties of Honeywell’s Enhanced CFCC containing silicon
carbide fiber in a plain weave and five harness satin fabric, respectively. Note
that properties are retained at high temperatures.

Honeywell’s DIMOX directed metal oxidation (DMO) process involves the
growth of an oxide matrix through a preform of silicon carbide or oxide fibers.
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TABLE 3.8 Properties of Honeywell Enhanced
CFCC with Plain Weave Nicalon™ Fibers

Nominal Value at

Temperature

Property Units 23°F  2012°F
Density Ib/in.? 0.08
Tensile

Strength ksi 31.1 30.8

Elongation % 0.41 0.5

Modulus Msi 20.3 16.6
Compressive

Strength ksi 72.8

Contraction % 0.35

Modulus Msi 21.0
Interlaminar

Shear strength ksi 4.4
In-plane

Fracture toughness  ksi -in."/?  14.8

TABLE 3.9 Properties of Honeywell Enhanced
CFCC with 5 Harness Satin Weave Nicalon™ Fibers

Nominal Value at

Temperature

Property Units 73°F 1562°F
Density Ib/in.? 0.08
Tensile

Strength ksi 343 38.5

Elongation % 0.47 0.63

Modulus Msi 18.1 17.3
Compressive

Strength ksi 83.7

Contraction % 0.43

Modulus Msi 20.4
Flexural

Strength ksi 61.1
Interlaminar

Shear strength ksi 5.5

The fiber preform first undergoes the CVI process in which it is coated with a
dual layer of boron nitride and silicon carbide. The treated fiber preform is then
placed in contact with molten aluminum metal in the presence of air at elevated
temperatures. The aluminum oxidizes and forms a matrix rich in aluminum oxide.
The coatings protect the fibers from the molten aluminum, and the silicon carbide
wets to facilitate infiltration of the aluminum. Residual aluminum, present in the
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matrix as microscopic interconnected channels, is removed from the CFCC. For
cylindrical parts the matrix is grown through the preform by reaction of aluminum
metal with air, resulting in an aluminum oxide matrix. The process is capable of
manufacturing parts 4 ft in diameter and 7 ft high.

McDermott Technologies Corporation has the only oxide/oxide-based CFCC
process. It is fabricating CFCCs from a powder slurry and sol-gel (a liquid
converted to solids) impregnation technique. Metal oxide fibers are wound onto
a mandrel or woven into cloth or preforms; the residual voids are filled with
reactive, fine particles of alumina, mullite, and/or yttrium alumina garnet (YAG)
matrices. Densification occurs at 1100°C (2012°F). Fiber coatings include carbon
as a fugitive interface. This fugitive interface is achieved by depositing a carbon
or Scheelite (CaWOQ,) coating onto the fiber during composite processing. It is
oxidized to create fiber—matrix slip. The “fugitive” approach creates a void along
the fiber. This void deflects cracks, leaving continuous fibers to bear the load.

McDermott also makes porous CFCC filter tubes. Any one of three methods
can be used. One method involves winding high-strength aluminum oxide ceramic
fibers (3M Corporation’s Nextel " 610) onto a mandrel and filling a portion of
the space between fibers with aluminum oxide particles utilizing a liquid-to-solid
sol—gel multiple infiltration process. The second method involves fabrication of
an open network skeleton of high-strength silicon carbide ceramic fibers rigidized
by chemical vapor deposition, then filling with a porous oxide matrix by vacuum
casting. The third method substitutes a silicon carbide matrix for the aluminum
oxide matrix in the first method. In all of these methods the final step is the
application of heat and pressure to form an oxide—oxide CFCC. All methods
result in a CFCC filter of the appropriate porosity, and meeting the filtration and
strength specifications of this application.

COI Ceramics Corporation produces CFCC materials by a polymer infiltration
and pyrolysis (PIP) process. This is a versatile way to fabricate large, complex-
shaped structures. The process uses low-temperature forming and molding steps
typically used in plastic matrix composites. A preform, composed of silicon car-
bide fibers or fibers derived from a polymer composed of silicon, carbon, oxygen,
and nitrogen, is impregnated with a polymer matrix and cured by conventional
methods. The composite is pyrolyzed to temperatures beyond 980°C (1800°F) to
convert the preceramic matrix polymer to a ceramic. Subsequent impregnation
and pyrolysis steps are carried out to achieve the desired density. Both the initial
shaping and fabrication of the composite are carried out at low temperature.

Continuous fiber-reinforced ceramic composites fabricated by the PIP pro-
cess can consist of various fiber, interface coating, and matrix chemistries. Fiber
architecture preforms can include filament windings, braids, or two- and three-
dimensional weaves. An important aspect of this PIP process is its adaptability
to polymer matrix processing equipment. Aside from reducing initial capital
investment by using existing equipment, PIP works well with various preform-
ing techniques such as hand lay-up, filament winding, braiding, reaction transfer
molding, three-dimensional weaving and conventional cure, such as autoclaving.
COI Ceramics makes flat plates, cylinders and complex shaped parts of CFCCs.
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COI Ceramics fabricates cylinders by two methods. One method involves
winding a silicon carbide fiber onto a cylindrical mandrel followed by liquid
infiltration and heat. The second method is similar to the first except than the
fiber is, woven into a cloth and then wrapped onto the mandrel.

COIs PIP CFCCs are available in two classes: the Sylramic 100 series—a
carbon-coated Nicalon™ fiber in an amorphous SiOC matrix for maximum use
temperature <450°C (842°F) in oxidizing environments and up to 1100°C
(2012°F) in inert environments—and Sylramic" 200 and 300 series of
proprietary coated Nicalon™ fiber in an amorphous SiNC matrix for use up to
1200-1250°C (2192°-2282°F) in an oxidizing environment.

COI Ceramics also produce a CFCC based on a sol-gel derived alumino-
silicate matrix that can be combined with a variety of commercially available fiber
reinforcements such as 3M Corporation’s Nextel " fibers. This latter fiber provides
the highest temperature resistance and creep resistance. The baseline oxide—oxide
system relies on controlled matrix porosity for toughness, eliminating the need
for fiber coatings.

Tables 3.10 and 3.11 contain data generated on a COI Ceramic Nextel™ 720
reinforced alumino-silicate CFCC at 982°C (1800°F) and 1093°C (2000°F).

The residual strengths after fatigue are equal or greater than the unexposed
composite. The creep rupture tests are just as encouraging, with residual stress
after 100 h at 150 MPa (21.6 ksi) equal to 30.3 ksi (Table 3.12).

COI Ceramics also manufactures SiC/SiC CFCC composites with properties
as shown in Table 3.13.

TABLE 3.10 COI Ceramics Oxide CFCC Properties with Various 3M Oxide Fabrics
Nextel™ 312 Nextel™ 550 Nextel™ 720 Nextel™ 610

Composite density (g/cm®) 23 241 2.6 2.83
Nominal fiber volume (%) 48 36 48 51
RT tensile strength (ksi) 18.1 21.4 28.3 53.1
RT tensile modulus (Msi) 4.5 5.8 11.6 18
Coef of thermal exp (ppm/°F) 2.7 3.0 35 4.4
Dielectric constant (X-band) 4.4 4.8 5.6 5.8

TABLE 3.11 Typical Properties of Nextel™ 720 Reinforced Alumino-Silicate CFCC

Temperature Strength (ksi) Modulus (Msi) Strain (%)

Tension RT* 28.3 11.6 0.3
Tension (after 100 h/1800°F) RT 27.2 11.9 0.29
Tension 1800°F 24 10.6 0.27
Tension (after 100 h/1800°F) 1800°F 25.5 114 0.28
Flexure RT 314 14.3 0.22
Compression RT 26.9 11.6 0.22
In-plane shear RT 4.5 2.0 0.49
Interlaminar shear RT 1.7

“RT = room temperature.
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TABLE 3.12 Residual Tensile Strengths after Fatigue and Creep Loadings in Air

Test Temperature Loading Residual Tensile
(°F) Stress Level Conditions Strength (ksi)
Fatigue 1800 18.1 100,000 cycles 28.0
1800 21.6 100,000 cycles 30.6
1800 23.2 100,000 cycles 28.3
2000 21.6 100,000 cycles 244
Creep rupture 1800 21.6 100 h 30.3

TABLE 3.13 COI Ceramics SiC/SiC CFCC Physical Properties

Property Unit  Nicaloceram™  Hi-Nicaloceram™  Hi-Nicaloceram S™
Tensile strength MPa 110 240 330

Tensile modulus GPa 60 80 110

Flexural modulus MPa 110 400 550

Density g/cm? 2.0 22 2.3

The melt infiltration technology of General Electric Corporation, Schenectady,
New York, produces CFCCs composed of continuous silicon carbide fibers in a
matrix of silicon carbide and silicon. The composite is made by a silicon melt
infiltration process in which densification takes place in a matter of minutes. A
boron-nitride-based coating is applied to the fiber. It provides fiber pull-out and
protects the fiber from the molten silicon during the infiltration step. The coated
fibers are pulled through a liquid mixture containing polymers and fillers and
wound onto a drum to produce unidirectional plates.

The composite preform plates are loaded into a vacuum furnace while in con-
tact with silicon. Initial heating of the preform to 500—600°C (932°—1112°F) is
done slowly to allow burnout of any binders, leaving a body of 35-40% poros-
ity. Heated above 1410°C (2570°F), the silicon melts and infiltrates the porous
preform by capillary action. No external pressure is required. During infiltration
the silicon reacts with the any free carbon in the preform (incorporated as a
particulate in the matrix slurry or from pyrolysis of a binder constituent) to form
silicon carbide. Any residual porosity is filled with silicon. The overall infiltration
process is near net shape, with less than 0.5% change in preform dimensions.

The plates are cut into tapes, stacked, and pressed by die pressing, compression
molding, vacuum bagging, or autoclaving to form a laminated composite. This
process is also used to form silicon carbide/alumina CFCCs and alumina/alumina
CFCCs when aluminum is used in place of silicon. An aluminum oxide matrix is
grown through a silicon carbide fiber preform. The fiber preform is first coated
with a boron nitride/silicon carbide dual layer. The boron nitride is derived from
boron chloride, ammonia, and hydrogen. The silicon carbide is derived from
methyltrichlorosilane. Both coatings are deposited employing CVI. These coat-
ings protect fibers from the molten aluminum, and the silicon carbide coating
wets the fiber to facilitate infiltration of the aluminum. When molten aluminum
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metal is placed in contact with the silicon carbide fiber preform, it oxidizes
in the presence of air at elevated temperatures and forms a matrix that is rich
in aluminum oxide. Residual aluminum, present in the matrix as microscopic
interconnected channels, is removed from the CFCC.

Amercom, Chatsworth, California, pioneered a CFCC process employing lig-
uid infiltration of preforms with preceramic polymers, and phenolic resin, as a
way of rigidizing the preform in the first-stage of CVI. This eliminates the need
for graphite tooling to hold and configure the fiber-reinforced preform during the
initial rigidization and densification steps. Instead, aluminum or other metal tool-
ing can be used repeatedly and requires heat up to only 204°C (400°F). The batch-
processing capacity of a reactor for the early CVI processing stages are increased
by 300% or more. This technology is owned by COI Ceramics, Incorporated.

A process of Allied Signal Ceramic Components, Torrance, California, illus-
trates the versatility of ceramic composite chemistry. The process results in a
carbon fiber-reinforced silicon nitride ceramic composite. Cold isostatic pressing
is used to form the composite. Glass encapsulation and hot isostatic pressing are
employed to densify it. Silicon nitride provides excellent mechanical properties
and resists corrosion. The carbon fiber provides self-lubrication and toughness.

3.4 CORROSION RESISTANCE DATA

The excellent corrosion resistance of silicon carbide and aluminum oxide leads
to similar expectations of CFCCs based on these precursors. Table 3.14 data
illustrates that expectation.

Although CFCCs resist corrosion by a wide variety of agents, the addition
of a fiber and a fiber—matrix interface does introduce opportunity for corrosive
paths. Therefore, CFCC corrosion resistance cannot be taken for granted but
must be evaluated for every application. This section gives the corrosion data

TABLE 3.14 Corrosion Resistance of Some Nonfiber-Reinforced
Silicon Carbide Ceramics

Weight Loss (mg/cm?/yr)

Test Environment? Temperature Sintered SiC Aluminum Oxide
Reagent (wt %) °C) (no free Si) (99%)

98% H,S0,4 100 1.8 65

50% NaOH 100 2.5 75

53% HF 25 <0.2 20

85% H3PO, 100 <0.2 >1000

70% HNO3 100 <0.2 7

45% KOH 100 <0.2 60

25% HCI 70 <0.2 72

57% HNO3 25 <0.2 16

“125-300 h, submerged, stirred.
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that has been generated on CFCCs except for some that is included in the earlier
application section. In most cases, corrosion data was generated with a particular
application in mind. Application-oriented data includes simulation of filters, heat
exchangers, steam cracker materials, chemical pump housings, and gas turbine
combustor liners.

A chemical company is evaluating CFCC filters to remove silicon from a
stream of moist hydrogen chloride and another stream containing various chlorosi-
lanes. Success would eliminate the need for additional, very large, bag houses.
The facility would substantially benefit both in process stream efficiency and
effluent cleanup from improved high-temperature filtration technology. CFCCs
have withstood over 1000 h in each of these extremely corrosive streams, at
290°C (550°F) and 1040°C (1900°F), respectively.

CFCC filter samples consisting of rings, cut from candle filters (wall thickness
approximately % in.), measuring 2.5 cm in height and 7.5 cm in diameter were
placed in each gas stream. Moist hydrogen chloride gas passed over each sample
at a rate of 9.6 cm*/min plus 887 cm?/min of mixed gas of nitrogen, oxygen,
carbon dioxide, and water vapor, in an operating temperature of 1040°C, simulat-
ing the operating environment. After 1000 h exposure, the burst strength of the
CFCC rings were tested at room temperature and compared to pretest strength.
The CFCC retained 65% of its original strength in this extremely corrosive envi-
ronment (Fig. 3.16).

In the other filter test, chlorosilanes were passed over CFCC rings at a rate
of 500 cm®/min of methyl chloride plus 2.7 mL/min of dimethyldichlorosilane.

Environmental Exposure System
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FIGURE 3.16 Schematic of apparatus to evaluate CFCC filters in chemical stream.
Apparatus was designed and is operated by Oak Ridge National Laboratory.
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After 1000 h in this 290°C (554°F) chlorosilane stream the silicon carbide-based
CFCC had retained 85% of its original strength.

Corrosion tests were conducted to see if oxide-based CFCCs would sur-
vive as a material for constructing high-temperature heat exchangers. One heat
exchanger, used to recover heat immediately downstream from an afterburner-
equipped waste incinerator, needed materials that would withstand not only the
heat but the corrosive exhaust gases from the incinerator. The incinerator feed
contained heavy metals, alkali metals, and transition metals. Immediately down-
stream from the incinerator is an afterburner. CFCC samples were held in the
middle of the stream of hot, corrosive gases immediately behind the afterburner.
Fifteen test samples were mounted on three fixtures, five per fixture. Each sample
was 15 cm in length. During the first 58 days of testing, the CFCC samples were
exposed to 925-980°C (1690-1800°F) for a total of 560 h. The balance of the
time was used in 37 cycles between this operating temperature and 370—-450°C
(700°-842°F), mimicking normal daily shutdown. Four cycles of longer duration
also occurred. An additional 13 days exposure at 980—1040°C (1800—1900°F)
completed the testing. Twenty additional cycles occurred during the final 13 days.

After exposure, the CFCC samples were cut into C-rings and their strength
measured at room temperature and compared to pretest strength. The alumina
and zirconia matrix CFCC specimens retained 73 and 75% of their strength,
respectively.

Continuous fiber-reinforced ceramic composites have also been exposed to
coal gas and ash to estimate their performance in a coal-fired hot-air heat
exchanger. The exchanger tubes must perform at 1150-1260°C (2100-2300°F)
during exposure to coal ash and flue gas. The ash contains high levels of alkali
condensed out of the flue gas. A CFCC comprised of a silicon carbide matrix
reinforced with silicon carbide fiber, produced by CVI, was chosen due to its
excellent retention of physical properties in oxidizing atmospheres. Since it is
susceptible to attack by alkali, previous testing predicted that this CFCC would
perform satisfactorily if alkali is scrubbed from the flue gas and temperatures do
not exceed 1150°C (2100°F). The current metal capability would be defined as
suitable for an environment of low alkali content at 982°C (1800°F).

Foster Wheeler Corporation engineers inserted a horizontal probe into a direct-
fired coal-burning boiler at Gallatin station, operated by the Tennessee Valley
Authority (TVA). Placed onto the probes were four samples of CFCC tube mea-
suring 2 in. inner diameter x 3 in. long x% in. thick. The environment included
high levels of alkali and a temperature of 1750°F. After 8000 h of exposure,
the CFCC sample were removed, inspected, and tested. The specimen had thick
layers of coal ash on them, which was easily removed. There was no evidence of
corrosion when analyzed both visually and by metallographic techniques. There
was no measurable thinning of the CFCC specimens. There was no loss of phys-
ical strength.

Another application-oriented corrosion evaluation of CFCCs concerned their
evaluation in steam crackers used to crack ethylene. Several CFCCs were evaluated
in conditions simulating a steam cracker environment. The flexure bar-shaped test
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CFCC Steam Resistance (2300°F)
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FIGURE 3.17 (A) Silicon carbide fibers reinforcing an alumina matrix, (B) silicon car-
bide fibers reinforcing a silicon carbide matrix, (C) unidentified fibers reinforcing a silicon
nitride bonded silicon nitride matrix, and (D) other fibers reinforcing a proprietary matrix.
Materials available from Honeywell, Inc.

specimens measuring 3 x 4 x 50 mm and tensile bars 12 cm long with a gage
area of 8 x 40 mm were exposed for 100 h at 1260°C (2300°F) in an argon—steam
atmosphere at a total pressure of 3.4 atm (50 psia) and various concentrations of
steam, conditions that exceed those experienced in steam cracking. Argon was used
instead of hydrocarbons since earlier studies showed no corrosion by hydrocarbons.
Strength tests were conducted at room temperature.

Figure 3.17 shows the excellent retention of CFCC physical strength after this
severe exposure to steam at high-temperature and pressure. Additional experi-
ments are required because some specimen were too narrow to accommodate the
fiber weave, resulting in lower strength due to configuration rather than the harsh
environment.

The pump housing application described earlier required examining the corro-
sion resistance of CFCCs to commonly pumped chemicals. Figure 3.18 presents
this data. Flexural bars measuring 0.25 x 3 x 0.1 in. were immersed in each
chemical for 500 h. Temperatures were chosen to match those expected in the
pump. After exposure, the bars were dried and flexure strength measured. This
relatively simple test and the obvious corrosion resistance of CFCCs encouraged
more specific and complicated testing.

Since an initial focus of the CFCC development was for gas turbine combustor
liners, a lab-scale high-temperature and pressure apparatus was designed to sim-
ulate that application. Exposure conditions included a pressure of 150 psia,
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Exposure of CFCC to Various Organic and Inorganic Species
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FIGURE 3.18 Resistance to commonly pumped chemicals. This CFCC was made by
polymer infiltration and pyrolysis (PIP) process.

temperature of 1204°C (2200°F), and 15% steam atmosphere. Test specimen
were evaluated at 500-h intervals, and the results compared to specimen exposed
in actual engines operated on typical duty cycles.

Tensile and flexural CFCC specimens were exposed to the pressurized atmo-
sphere mentioned above. Test specimens were evaluated every 500 h.

The CFCC evaluated was a CVI silicon carbide matrix reinforced with silicon
carbide fiber, with a pyrocarbon interface coating and a silicon carbide seal coat.
When specimen thickness was measured at 500 and 100 h, it was determined
that surface recession was occurring at a steady rate of 45 wm/500 h, identical
to the actual engine experience operating on a typical duty cycle (Fig. 3.19). See
the gas turbine engine description in Section 3.2.2 of this chapter for additional
actual engine gas turbine performance data.

Additional simulated gas turbine engine data had been generated earlier. Instead
of recession rate, this data focused on strength retention of CFCC combustion
liners. In these tests, the CFCC consisted of a silicon-carbide-reinforced silicon
carbide/silicon matrix composite formed by melt infiltration. The fiber—matrix
interface coating was boron nitride based applied by CVD.

Rectangular tensile bars measuring 150 x 12 x 2.5 mm with a gage length of
2.5 mm were exposed in a induction-heated tube furnace to a temperature of
1200°C (2192°F), 90% water and 10% oxygen atmosphere (water vapor pressure
of 0.9 atms) with a gas velocity of 0.04 m/s. The test was conducted for 500 h,
with the temperature cycled to room temperature every 2 h. The test specimen
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FIGURE 3.19 Seal coat of silicon carbide protects CFCC and prolongs its life. Note
low erosion rate under these harsh conditions.

bars were pulled at a strain rate of 0.0002 m/s. The results are given in Fig. 3.20.
Note the excellent retention of strength.

In a second test, both apparatus and conditions were changed to simulate other
duty cycles. In this second test, tensile bars were exposed for 100 h in the exhaust
section of a high-pressure combustion rig. The exposure conditions replicated an
actual engine combustion atmosphere using natural-gas fuel at an equivalency
ratio of 0.32, a gas temperature of 980°C (1800°F), a gas velocity of 85 m/s, and
a pressure of 10 bar. During the 100 h exposure, the temperature was cycled to
room temperature six times.
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MI CFCC Various Conditions

400
I:l Unexposed E Unsealed edges
Exposed as "
350 — fabricated @ Precracked matrix —
300 — —
©
o 250 —
= 50 —<
e
2
o 200 —
»
2
2 150
@
100 [~ —
50 — —
0 100 h 500 h
Rig Furnace

FIGURE 3.20 Note that this melt infiltration CFCC resists environment even precracked
or with unsealed edges exposed.

The CFCCs demonstrated good thermal stability and the combustion exposure
was very promising.

3.5 U.S. ADVANCED CERAMICS ASSOCIATION (USACA)

An excellent resource for additional CFCC information is the U.S. Advanced
Ceramic Association (USACA). The people and companies producing CFCCs
are represented by this trade association. Members include all companies with
production capability in North America, even if their headquarters are elsewhere.
Throughout its history, USACA has spent time educating policymakers in the
executive and legislative branches of the federal government on the advantages
and applications of CFCCs and advocating industry positions of interest.

In December 1998, USACA published a report entitled, Opportunities for Ad-
vanced Ceramics to Meet the Needs of the Industries of the Future. It reports the
actual and potential applications of advanced ceramics, including CFCCs, in the
chemical, forest products, steel, glass, aluminum, and metalcasting industries.
The publication number for this report is DOE/ORO 2076 and is available from
the U.S. Department of Energy, www.o0it.doe.gov/catalog/.
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3.6 SOURCES FOR ADDITIONAL INFORMATION

Honeywell Advanced Composites, Incorporated, PO Box 9559, Newark, DE,
19714-9559, www . honeywell-aci.com, Phil Craig, telephone (302) 456-6577,
Fax (302) 456-6480, email phil.craig@honeywell.com

Textron Systems, Incorporated, Two Industrial Avenue, Lowell, MA, 01851,
Ray Suplinskas, telephone (987) 454-5600, Fax (978) 454-5632, email
rsuplins@systems.textron.com

McDermott Technologies, Incorporated, Lynchburg Research Center-MC 76,
PO Box 11165, Lynchburg, VA 24504, Richard Goettler, telephone (804) 522—
6418, Fax (804) 522-6980, email richard.w.goettler@mcdermott.com

General Electric, Incorporated, Corporate Research and Development, Build-
ing K1-RM 3B4, 1 Research Circle, Niskayuna, NY 12309, Krishna Luthra,
telephone (518) 387-6348, Fax (518) 387-7563, email luthra@crd.ge.com

COI Ceramics, Incorporated, 9617 Distribution Avenue, San Diego, CA 92121,
Andy Szweda, telephone (858) 621-7463, Fax (858) 621-7451, email aszweda
@coiceramics.com

United States Advanced Ceramics Association, Suite 300, 1800 M Street NW,
Washington, DC 20036-5802, www.advancedceramics.org, telephone (202)
293-6253, Fax (202) 223-5537, email usaca@ttcorp.com

U.S. Department of Energy, Office of Industrial Technology, EE-23, Forrestal
Building, 1000 Independence Avenue SW, Washington, DC 20585, www.oit.
doe.gov/cfcc, Sara Dillich, telephone (202) 586-7925, email sara.dillich@
ee.doe.gov

Oak Ridge National Laboratory, 1 Bethel Valley Road, Oak Ridge, TN 37831,
www.ms.ornl.gov/programs/energyeff/cfcc/, Peter Angelini, telephone
(865) 574-4565, Fax (865) 576-4963, email angelinip@ornl.gov

3.7 COLLABORATIVE PROGRAM

Continuous fiber-reinforced ceramic composites were developed in a collabora-
tive program that combined the experience and facilities of industry with the
expertise and specialized talents available at universities and national labora-
tories. CFCC producers worked with users to determine appropriate formulas
and processes for industrial applications. Universities and national laboratories
had a supporting role, conducting the most basic studies such as composite
design, material characterization, test method development, and investigation of
performance-related phenomena.

The U.S. Department of Energy (DOE) Office of Industrial Technology (OIT),
in communication with industry, initiated the CFCC program in 1992 as a 10-year
collaborative effort between industry, national laboratories, academia, and gov-
ernment. The goal of the program is to advance processing methods for reliable
and cost-effective ceramic composites to a point where industry will assume full
risk of development and commercialization. The CFCC materials under develop-
ment support the OIT Industries of the Future program, including chemical, steel,
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aluminum, metalcasting, forest products, glass, agriculture, and mining industries.
Together, these industries consume 80% of the total U.S. manufacturing energy
use. Industries that implement CFCC components in their applications will real-
ize substantial energy, economic, and environmental benefits, including lower
maintenance, higher efficiency, and decreased operating costs. Additional bene-
fits accrue from optimization of process operating conditions, reduced downtime,
and increased useful lifetimes.

Ten teams were established, headed by individual material suppliers, that
included component manufacturers, end users, national laboratories, and uni-
versities.

Seventeen national laboratories and universities supported this activity with
fundamental research, materials characterization, test methods, environmental
exposure and other data, computer design codes, nondestructive inspection tech-
niques, standards development, and life prediction techniques. Their basic re-
search enabled fundamental understanding of CFCC chemistries and processing
conditions. They are leading the creation of standards and aiding industry in
developing procedures for determining material performance relationships. This
activity was managed by Oak Ridge National Laboratory.

Prior to the program, industry had only a concept of how to best reinforce
ceramics. Some material suppliers had made small hand lay-ups that demonstrated
a promising reinforcement. Today, the teams incorporate CFCCs into commercial
products and customers are realizing the benefits envisioned at the start of the
program. Numerous other applications are evaluating CFCCs. The thousands of
hours of successful performance means that many of these other applications will
soon go commercial.

3.8 CONCLUSION

Advanced monolithic ceramics are used throughout industry, demonstrating
superior performance compared to conventional materials. As user confidence
grows—and as energy savings, increased productivity, and reduced maintenance
are realized—the need is emerging for advanced ceramics having improved
toughness. Continuous fiber ceramic composites are viewed as the ultimate
solution with many applications rapidly becoming commercially viable.
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4.1 INTRODUCTION AND BACKGROUND

The 1990s brought revolutionary new technologies to computing, and one such
new technology has been that of multilayer ceramic interconnecting substrates.
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We have witnessed many high-performance products transition from aluminum
oxide dielectric with molybdenum or tungsten conductor materials to much higher
performance glass—ceramic dielectric with copper conductor integrated wiring.
In particular, cordierite glass—ceramics have enabled greater processing speeds
due to their lower dielectric constants and copper’s much higher electrical con-
ductivity than traditional molybdenum, and tungsten has further aided signal
speeds. And, new processing technologies have allowed greater dimensional con-
trol of the finished product, which in turn has permitted tighter tolerances and
more advanced design ground rules. Additionally, the exceptional reliability of
this technology has been demonstrated across many different form factors and
applications.

This chapter reviews glass—ceramic/copper multilayer interconnect substrate
technology. It reviews the fundamental materials properties as well as the key
processing parameters. This chapter also reviews some future directions and chal-
lenges for this emerging technology in the new millennium.

The very first glass—ceramic/copper multilayer interconnect substrates were
introduced by IBM in 1990. These interconnect substrates were as large as
127 x 127 mm and possessed as many as 70 distinct layers. The copper inter-
connect wiring was done with 90-wm pitch. The first applications for these
interconnect substrates were for mainframe computers as multichip modules
(MCMs). In this case, as many as 121 devices were flip-chip or C4 (controlled
collapse chip connection) joined to the substrate, as well as hundreds of C4 decou-
pling capacitors. While these first interconnect packages were used for mainframe
computers, subsequent applications have been found for single-chip, chip-scale-
sized modules, and their use in high-speed and high-frequency applications has
continued to grow with passing years. How did these new interconnect materials
come about and why were they chosen? We hope to answer these questions and
others like them in this chapter.

4.2 MARKET APPLICATIONS

Ceramic chip carriers are used to bridge between silicon die and organic boards
for electronic systems within a specified market. The package or chip carrier
generally provides the electrical, mechanical, and sometimes the thermal sup-
port base for semiconductor dies at a desired cost. Ceramic chip carriers are
utilized in a wide array of products including high-performance applications,
cost—performance applications, commodity applications, hand-held applications,
automotive applications, and memory applications. Low-temperature co-firing
ceramic applications include high performance such as mainframes and servers,
cost—performance such as workstations, commodity such as high-performance
games, and wireless applications for hand-held applications and use in automo-
tive applications such as global positioning systems (GPS). Pin grid array (PGA)
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and land grid array (LGA) are the ceramic chip carriers of choice for high-
performance applications that require a demountable capability. For portable,
lower cost solutions, ball grid array (BGA) and column grid array (CGA) solu-
tions are often used, or when demounting is not a requirement.

4.3 MATERIALS

4.3.1 Materials Characteristics

4.3.1.1 Interconnect Substrate Materials Selection

Cost is a critical factor in material selection. Beyond cost, often the single most
important property used in the selection of new dielectric substrate material is
that of dielectric constant. The propagation delay of a signal within a computer is
inversely proportional to the square root of the substrate material dielectric con-
stant. The lower the dielectric constant of the insulator, the better the performance.
Since traditionally aluminum oxide with a dielectric constant of approximately 9.5
to 10 has been used for many years, any new material, if it was going to perform
better, should have a dielectric constant well below 10. High-performance sili-
con chips are frequently joined to the multilayer interconnect substrates through
flip-chip or C4 technology, and for large die sizes a close thermal expansion
match between the chip and carrier is desirable. Silicon chips can generate many
watts of heat in use; so the heating and cooling associated with a computer being
turned on and off could be a source of significant fatigue if the thermal expansion
mismatch is large, although underfills have much improved fatigue life between
die and chip carriers for a variety of module solutions, including both ceramic
and especially organic chip carriers where large thermal expansion mismatch
is typically large. Another important property of a substrate dielectric material
is the processing compatibility between the metal and the ceramic. Can they
be processed together to form strong, dense bodies with the desired properties?
Molybdenum and tungsten metals have been commonly used with aluminum
oxide ceramic because it is necessary to reach temperatures in excess of 1500°C
in order to coalesce the Al,O3 particles during firing. At this temperature many
metals are molten. While we would like the metal powder particles to sinter into a
dense solid conductor, if the metal melts, its properties and the ceramic substrate
itself could be altered significantly. Historically, if a highly conductive metal
such as copper, gold, or silver are to be used, then the ceramic material’s firing
temperature must be considerably lower than that of aluminum oxide. Because
copper is an attractive conductor material in terms of cost and resistance to elec-
tromigration, the firing temperature of the composite should ideally be kept below
1083°C since copper melts at this temperature. Some recent mixtures of a refrac-
tory metal such as molybdenum or tungsten mixed with copper have been shown
to cofire with alumina-based dielectrics when sintered at reduced temperatures
even above the melting point of copper and may provide a means to improve the
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conductors conductivity but still have a lower propagation speed. One final set of
material characteristics that should not be ignored for a chip carrier is the result-
ing composite mechanical properties. Aluminum oxide is a very robust material.
Compared to Al,O3, many materials are much weaker, and if this is not taken
into account, many problems can result. Although glass—ceramics generally have
a lower modulus compared to Al,O3, they are much stronger than most glass-
only compositions. So, even though glass—ceramics are less resistant to cracking
or fracture than Al,O3, they are just as good or significantly better than many
other possible low dielectric constant ceramic candidates. Listed in Table 4.1 is
a summary of the important materials properties for choosing a dielectric sub-
strate material and a comparison between traditional Al;O3 and Mo/W and that
of glass—ceramic and copper.

In Table 4.2 a comparison between alumina and Mo/W and glass—ceramics
and Cu shows the superiority of glass—ceramics for high-performance
applications over alumina ceramic. Many materials were considered before
glass—ceramics were selected. When using the properties as shown in Table 4.1
as the selection criteria, some of the candidate materials considered included
SisNy4, AIN, BeO, mullite, borosilicate glass, and silica. Each one of these

TABLE 4.1 Materials and Properties Data Comparison

Materials
Glass BoroSilicate

Characteristic Al,O3 —Ceramic  Mullite BeO Si3N; SiO, AIN Glass
Coefficient of 6.5 2.4-11.5 4.2 6.8 2.3 3-5 33 3-6

thermal expansion

(CTE) (ppm)
Modulus (MPa) 360 150-300 300 300 320 140 280 120-160
K’ 9.5-10 4.2-8.8 6.4 6.8 7 3.8 8.5 4-6
Loss factor 0.001 0.001-0.0005 0.001 0.001 0.001 0.0001 0.0005 0.005
Co-fire conductor W, Mo Cu, Au,Ag W,Mo W,Mo W W \\% Cu
Co-fire 1600 <1000 12004+ 2000 1600 1500 1700+ <1000

temperature (°C)

TABLE 4.2 Important Interconnect Materials Comparison Between Traditional
Aluminum Oxide and Mo/W and Glass—Ceramic/Cu

Al,O3 Glass—Ceramic
and and

Property Mo/W Copper

K ceramic (dielectric constant) 10 5
Coefficient of thermal expansion (CTE) 7 x 107%/°C 3 x 107%/°C

(Si=3x107%/°C)

Firing temperature 1600°C 1000°C
Strength 50,000 psi 30,000 psi

Metal electrical resistivity 1076 Q cm 5.2-55 1.7
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materials, while potentially superior to alumina, were deemed less desirable than
glass—ceramic. Many had significantly higher dielectric constants. The materials
that had lower dielectric constants, silica and borosilicate glass, were known
to be much weaker in strength than glass—ceramics by as much as 70%. And,
importantly, silica is viscous to 1500°C, making it impossible to co-fire with
nonnoble metals. And, while the thermal expansion coefficient of these materials
is very low, the thermal expansion coefficient of glass—ceramic can be tailored
to a near match with silicon. Silica and borosilicate glass cannot. For these
reasons, glass—ceramics were deemed the best choice for a new interconnect
packaging material.

Within the category of glass—ceramics lie a whole host of materials. Some of
those considered were cordierite (2MgO-2A1,05-5510,), beta-spodumene
(Li,0-Al,05-4Si0,), celsian (BaO-Al,03-2Si0,), and anorthite (CaO-Al,O3-
28i0,). Cordierite was chosen as the best material due to the unacceptably high
thermal expansion coefficients, when sintering additives were used, of celsian
and anorthite. Beta-spodumene has a very low thermal expansion coefficient, but
its dielectric constant was found to be unacceptably high at approximately 9.

4.3.1.2 Cordierite Composition Optimization

Although cordierite was singled out as the best next-generation interconnect sub-
strate material, because of its superior properties, stoichiometric cordierite by
itself would not be acceptable. In order for a new interconnect substrate material
to be fabricated using many of the traditional multilayer ceramic processing tech-
nologies such as green-sheet casting, punching, metal paste screening, lamination
and sintering, it is required that a powder of this new material possess certain
sintering characteristics. In particular, the powder of ceramic and metal must coa-
lesce and sinter to near theoretic density. Later in this chapter, processing will be
discussed in more detail. Since stoichiometric cordierite powder does not sinter to
anywhere near theoretical density, sintering additives were needed. At IBM many
additives were tried to improve sintering including Li,O, Na,O, B,03, P,0s,
CaO, and Fe;0;. The effects on sintering of a similar glass—ceramic, spo-
dumene have been published. After making many cordierite-based compositions
and studying their sintering characteristics using a dilatometer, it was determined
that B,O3 and P,0O5; showed the most promise. Although Li,O did significantly
increase the sintered density, it also greatly decreased the sintering temperature.
For reasons that will be described in more detail later in this chapter, this was
not desirable. While the other additives such as Na,O and Fe,O; were found
to improve sintering, the sintered bodies still possessed significant amounts of
porosity. When determining the proper sintering additives and the quantity to use,
other characteristics besides density were used. It is also important to ensure that
the thermal expansion coefficient be as close to Si as possible. And although a
high-density is important, it is equally important that the sintering time and tem-
perature be compatible with the metal conductor powder sintering. Since these
ceramic powders will be tape cast into green sheets and eventually the green-
sheet organics will need to be removed through pyrolysis, it is necessary that the
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sintering not occur before this process can be completed. For these reasons B,03
and P,O5 were found to be the best candidates. In order to more fully understand
the important role of these additives, compositions were prepared both with and
without these additives, and the final properties of the ceramics were measured.
Also, the three major components in cordierite were adjusted to achieve better
sintering properties as well as a closer thermal expansion coefficient match to
silicon. Stoichiometric cordierite has a thermal expansion coefficient that is much
lower than Si, that is, 0.5 x 107 vs. 3 x 107%/°C. By decreasing the alumina
content and increasing the MgO content, the expansion coefficient increased.
It was also found that by increasing the MgO content, the degree of sintering
increased and more dense bodies were formed.

By adjusting the quantities of the 3 major components and by adding
small quantities of B,O3; and P,Os an optimized glass-ceramic composition
was achieved.

4.3.2 Dielectric and Conductor Compatibility

Since glass—ceramic and copper powders are being fired together in the same
body at the same time, it is extremely important that they are compatible. Copper
also has the added requirement that it be fired in A reducing atmosphere. At the
same time that the atmosphere is reducing to copper, the binder and plasticizer
in the ceramic green sheet and the organics in the metal inks or pastes must be
removed. If residual carbonaceous material is left behind after firing, as little
as 400 ppm can significantly increase the effective dielectric constant of the
substrate. In fact, as little as 800 ppm can cause the dielectric constant to increase
from 5 to as much as 1000. Another challenge when co-firing glass—ceramic and
copper powder simultaneously is to closely control the dimensions and integrity
of the very fine lines and spaces. One very serious problem can arise if the
copper powder sinters or coalesces at a much lower or higher temperature than
the glass—ceramic. Most fine grained pure copper powders sinter quickly and
completely by 400°C. Due to carbon removal requirements in the green sheet
and metal paste, we would like the copper to sinter at temperatures as high
as 800°C, which is also approaching the sintering temperature of the cordierite
glass—ceramic.

These challenges can be solved by several process and material enhancements.
The sintering process will be discussed in detail in the processing section. The
copper chemical composition could be altered to delay the sintering to a higher
temperature, but the additives must not increase the electrical resistivity of the
sintered conductor. Several approaches were found to work. Copper particles
could be coated with an organic barrier that prevented diffusion between the
particles and thereby inhibiting the driving force for sintering. The organic barrier
is removed at the desired temperature either through thermal energy or by using
an atmosphere that will oxidize the organic barrier. Examples of these materials
include polyvinyl alcohol, polyvinyl formate, polyvinyl butyral, acrylonitriles,
epoxies, and many others.
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Another approach to delaying the sintering of the copper powder until higher
temperatures is to intersperse copper particles with metal or metal oxides. The
particles act as grain boundary inhibitors. Some examples of these materials
include chromium, molybdenum, aluminum, gold, nickel, and palladium. The
resulting resistivity for copper that contained a sufficient quantity of oxide mate-
rial, which sintered at a high-temperature, was measured to be less than twice
the resistivity of pure copper.

4.4 LOW-TEMPERATURE MULTILAYER CERAMIC (MLC)
PROCESSING

The MLC process creates multiple layers of dielectric and conductor powders
prior to sintering and then uses co-firing to create a three-dimensional network
of conductive wiring and dielectric. The co-fired multilayer ceramic chip carrier
process lends itself to a wide array of high-density area array chip carriers. The
ability of MLC chip carriers to provide high-density interconnection in each
layer in addition to high-density X and Y wiring permits a wide range of chip
input/output (I/0O) and package I/O with various package sizes to be processed
through the same tool set. Similarly, MLC lends itself to support a variety of
voltages through the addition of one or more fully metallized planes. Figure 4.1
shows an overview of the process flow used for multilayer ceramics from raw
materials through final test and inspection.

4.4.1 Raw Materials Preparation and Casting

The multilayer ceramic process begins with ceramic and/or glass powders with
organic binders and solvents to create a ceramic slurry. The ceramic slurry is for-
mulated to create a system capable of tape casting into thin sheets. The ceramic
slurry typically is comprised of ceramic powder and glass additive or a crys-
tallizable glass powder, organic binder, plasticizer, and solvents. The mixture is
cast into thin ceramic green tape, which may range in thickness from approxi-
mately 0.025 to 0.750 mm depending on the tape thickness required. Figure 4.2
shows a schematic representation for a slurry being tape cast using a doctor
blade. Once cast, the green or unfired tape is cut into standardized green sheets
of a common X-Y size. Several sizes are currently used in production, 150 mm?
to 250 mm? are most common although many manufacturers utilize rectangular
sizes where one dimension can be 200—300 mm. Advantages of larger sizes are
reduced costs; however, ability to maintain dimensional control over the entire
green sheet during subsequent processes can impact yields. In either case, green
sheets should have good dimensional stability and be free of defects such as
voids, pin holes, impurities, contamination, and nonhomogeneities.

The thick film pastes contain metal powders dispersed in an organic vehicle
plus additives to enhance shelf life and screening properties. Pastes for low-
temperature co-firing ceramic (LTCC) applications generally contain silver, silver
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Preparation of Raw Materials Metal Paste Preparation

Greensheet Casting

Greensheet Blanking and Curing

Via Punching

Screening & Inspection e

Stacking & Lamination

Substrate Sizing

Sintering

Plating

Electrical Test

FIGURE 4.1 Multilayer ceramic process.

Doctor Blade
-~

Slurry Cast Slurry on Transport Film

e

Slurry Reservoir

FIGURE 4.2 Schematic of tape casting.

palladium, or copper powder plus organic resins and solvents. The paste con-
stituents are weighted, mixed with a large blender, and then processed through a
three-roll mill whose shearing action disperses the powder particles into a thick
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film paste with suitable rheological properties for screen printing X-Y patterns
and filling via’s in green sheets for Z connections. The paste must be compat-
ible when co-fired with ceramic to provide the proper onset, rate, and volume
shrinkage compared to the ceramic. Sintered thick-film metallizations must pro-
vide adequate surface pad adhesion characteristics to ensure mechanical integrity
for package interconnection to die and board I/O pads.

4.4.2 Green Sheet Punching, Metallization, and Inspection

In the next step a series of vertical holes, termed vias, are punched into the green
sheet prior to metallization with the thick film paste. A mechanical punch is
normally used to create the vias with diameters of 0.05-0.25 mm (see Fig. 4.3).
For via diameters of 0.075 mm or smaller, laser via formation, E-beam formation,
or photo-defined vias can be utilized. Aspect ratios of green sheet thickness to via
diameter of 3:1 to 1 - 5:1 are commonly used. Mechanical punching can provide
low cost and flexibility of pattern formation, but the process must be optimized
for very high via counts and densities (>80, 000 vias per layer for 150 x 150 mm
green sheet size) to minimize mechanical stresses that lead to via location error
due to green sheet distortion imposed by mechanical punching. Decreasing green
sheet thickness and increasing punch diameter to die bushing clearance tends
to reduce via positional error, because thinner sheets have less mechanically
imposed stress when forming vias for a given via diameter. Green sheets with
over 78,000 vias (0.01 mm via diameter) and an active area of 150 x 150 mm
have been reported.

As shown in Fig. 4.4, the thick film via fill and metal printing of surface
patterns ties together the punched ceramic green sheet and thick film paste in the
powder (presintering) process often referred to as screen printing or green sheet
personalization. In this process either vias and X-Y metallizations are achieved
sequentially with paste drying after each operation or vias and X-Y pattern can
be created simultaneously by extrusion printing the conductor paste. A variety
of mask patterns are employed to create the circuitry for MLC chip carriers,

~<— Punch

L

—~<— (Greensheet

I . <
Die Bushing

FIGURE 4.3 Schematic of punching.
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Metal Paste in l Pressure
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Signal Line
Via\

RSN EEm O mms mmmsmm < Patterned Mask

—<—— Punched Greensheet

-« Backing sheet

FIGURE 4.4 Multilayer ceramic green sheets are patterned using metal paste extrusion.

including top surface through vias, X and Y signal patterns, voltage, power,
and ground planes and bottom surface I/O pads. In screening thick film paste, a
patterned mesh or metal mask is utilized for via hole filling and for surface pattern
definition. Line widths typically ranging from 0.050 mm to over 0.250 mm can
be screen printed. Solid or mesh power planes can also be screen printed as
illustrated in Fig. 4.5.

Green sheet inspection is routinely conducted to ensure via fill and patterns
meet specifications for complex substrates. This operation employs optical com-
parisons to ensure line connectivity, absence of shorts, and via fill. Inspection
is most commonly used for complex packages with high layer counts, greater
than 10—15 layers, or for fine line patterns and line widths of less than 70 pm.
Figure 4.6 shows a number of metallized green sheets. Inspection can also be
helpful when introducing new part numbers into manufacturing to aide in yield
learning. Inspections can be skipped in many volume applications of products,
and is required only for reasonable yield for complex substrates.

FIGURE 4.5 Mesh and solid power planes.
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FIGURE 4.6 Patterned green sheets.

4.4.3 Stacking, Lamination, and Green Sizing

A variety of green sheets sequentially stacked and laminated using pressure and
temperature are required to create a laminate consisting of a three-dimensional
network of conductor and dielectric materials. The ceramic powders are held
together by an organic binder previously used in green sheet fabrication and
conductive paste fabrication or by an added adhesive used between layers dur-
ing stacking.

Alignment of each layer is critical during stacking to properly align the many
Z wiring connections to create via stacks, interconnect lines between layers using
vias, and avoid shorts or opens between layers. Alignment can be achieved by
using registration holes in green sheets previously used for punching, screen-
ing, and inspection, by locating the holes over stacking pins. Alternatively, each
layer can be optically aligned and stacked. A green laminate typically consisting
of multiple chip carriers is singulated into individual carriers by green saw siz-
ing prior to sintering. Similarly, packages are green machined to obtain corner
chamfers or rounded edges.

4.4.4 Sintering

During sintering, the organic components used in “green” processing MLC lami-
nates are removed through decomposition or pyrolysis during the initial stages of
heating and up to temperatures below about 600°C. Choice of binders and plasti-
cizers and the development of the proper sintering profile are critical in order to
provide a minimum of residuals from this process, which can be removed subse-
quently in the sintering process. In the pyrolysis section of the sintering process
one must avoid rapid rise in temperature, which leads to the highest decom-
position of the organics so as to not delaminate or cause other defects in the
multilayer component structure. Next, residues containing carbon are removed
by oxidation. For LTCC, carriers containing silver or silver—palladium conduc-
tors, carbon oxidation can be performed in an oxygen atmosphere such as in air.
For copper metallization, a controlled atmosphere is utilized to oxidize the carbon
without oxidizing copper, using temperatures between 600—800°C. Here the rate
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of reaction must be adequate to complete the removal of carbon within a reason-
able time period (to a low level so as to not impact the resistance of the dielectric
or impede the controlled sintering of the metal or dielectric materials) but must
also avoid oxidation of the metal powders in the structure. Once the organics are
removed, the dielectric and conductor particles undergo densification to create
an insulating dielectric chip carrier with conductive metal wiring. Densification
for LTCC packages occurs below about 1000°C. Compatible shrinkage of both
conductor and dielectric must be developed to ensure good dimensional control
and mechanical and electrical integrity. It is important to control the onset, rate,
and total volume shrinkage of the various materials in the multilayer chip carrier.
Factors that can influence dimensional stability include all operations from raw
materials, through “green” processing operations, up to and including sintering
time, temperature, atmosphere, and sinter fixturing. The key to repeatability pro-
ducing high-quality ceramic chip carriers lies in the manufacturing process, which
must be controlled to consistently operate within the materials and process spec-
ifications. These controls are in addition to an engineered compatible conductor
and dielectric system optimally matched for shrinkage onset, rate, and volume.
Figure 4.7 shows a schematic of typical process steps for LTCC sintering.

Green Laminate & Furnace
Loading

Organic Binders Decomposition
& Pyrolysis

Carbon Oxidation

Ceramic and Metal Densification

Final Densification and
Crystallization

Cooldown & Furnace Unloading

Measurement & Inspection

FIGURE 4.7 Schematic of typical LTCC sintering process.
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4.4.5 Postsinter Finish Metallization

Subsequent to sintering, ceramic chip carriers can undergo precision machining
to provide surfaces sufficiently flat and smooth to accommodate package appli-
cations utilizing one or more layers of advanced thin-film wiring or where an
advanced sealing process requires precision tolerances such as a flange or mod-
ule encapsulation. Lapping and polish techniques have been developed that can
provide a surface with nominal flatness of about 1 micron per inch and a sur-
face finish of 300 A average roughness (R,y). Thin-film materials, process, and
attributes have been described elsewhere [56].

The LTCC chip carriers that do not require thin-film processing are finished
with nickel and gold plating on the surface features to enhance solder and braze
wetting characteristics and provide a barrier to other metallizations used in MLC
fabrication. Finish metallizations can be electroplated or electroless plated. A
relatively thick nickel layer (0.0005—-0.004 mm) is utilized to support rework
capability (i.e., multiple solder reflows). Gold thickness is dependent on applica-
tion and type of interconnection. For example, thin gold (<« 0.001 mm) is used
on flip-chip die attach pads whereas for wirebond and pin grid array pads, heavy
gold (0.001-0.002 mm) is required. For some LTCC carriers, alternate finishing
metallizations can be used, and in some cases none are required depending on sur-
face co-fire metals used during MLC processing. For example, silver—palladium
based alloys are Pb—Sn solder wettable, and for copper or copper—nickel alloys,
which have been co-fired, a gold finish is often the only postfire metal deposi-
tion required.

4.4.6 Test and Inspection

Electrical test can include direct electrical shorts and opens tests. Tests can also
include a functional test to support high frequency, assess simultaneous switching
noise, line resistance, propagation delay, and others. Chip carriers can also be
tested for defects and can be repaired with a variety of techniques reported
elsewhere [21]. Chip carriers that meet electrical and customer specifications
are finally inspected for surface defects prior to shipping or subsequent module
processing operations.

4.5 MECHANICAL AND THERMAL PROPERTIES

Table 4.3 shows a comparison of high-performance chip carriers used in Hitachi
and IBM mainframes and servers. Table 4.4 shows feature sizes common for
production LTCC chip carriers. Table 4.5 shows characteristics of glass plus
ceramic LTCC compared to crystallizable glass—ceramic LTCC products.
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TABLE 4.3 High-Performance Chip Carriers Comparison for High-Performance

Data Processing

Hitachi Hitachi IBM IBM
Application M-880 MP5800 Enterprise-G4 Enterprise-G5
Technology HTCC LTCC HTCC/TF LTCC/TF
Ceramic/conductor Mullite/W GlassCeram/Cu  Alumina/Mo Glass
Ceram/Cu
Carrier Size (mm) 106 x 106 115 x 115 and 127 x 127 127 x 127
136 x 136
K (effective) 5.9 5.3 9.5 5
Time of flight (ps/mm) 12 7.8
SCM/MCM MCM MCM MCM MCM
Chips/MCM 36-41 25 and 36 30 29
Number of layers 44 50 68 75
Plane pairs 9 13 19 17
Total wiring (m) 200 400 and 600 486 445
Chip I/O pitch (um) 225 225
Internal wiring pitch (pum) 300 225 225
Linewidth (jum) 60 80 80
Board I/0 2521 3593 and 5105 3526 4224
Thin film
K 32 32
Time of flight (ps/mm) 6.7 6.7
Number of layers 4 6
Number of plane pairs O(Redist. Only) 1
Total wiring (m) 65 212
Internal wiring pitch (pum) N/A 45

Source: Koybayashi et

al. (in press).

TABLE 4.4 Feature Sizes in Chip Carriers
Using LTCC Multilayer Ceramics

Multilayer Ceramic

Feature LTCC
Chip 1/O pitch 150-225 pm
Ceramic carrier
Via diameter 50-150 pm
Via pitch 150-225 pm
Line width 50-125 pm
Line pitch 75-125 pm
Number layers 2-100
Board 1/0O pitch
PGA 2.5 mm
BGA 1.27-1.0 mm
CGA 1.27-1.0 mm

LGA 1.27-1.0 mm
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TABLE 4.5 Electrical Performance of LTCC Ceramic Chip Carriers

Glass—Ceramic  Glass Plus Ceramic

Coefficient of thermal expansion (CTE) (ppm) 24-8.0 3.0-11.5
Strength (MPa) 170-230 150-300

K’ (dielectric constant) 4.9-5.6+ 4.2-8.8
Thermal conductivity (W/m °K) 0.001-0.0001

Metallurgy Ag, Ag/Pd, Au, Cu Ag, Ag/Pd, Au, Cu

4.6 INTEGRAL PASSIVES

4.6.1 Advantages and Limitations of Integral Passives

Discrete components continue to offer low cost and value in area array inter-
connection solutions. An increasing number of applications can take advantage
of solutions where miniaturization and/or functionality require integral passive
technology or integrated technology solutions.

Integrated and integral passive components are defined by the Passive Com-
ponents Technology Working Group of the National Electronics Manufacturing
Initiative (NEMI). Although some definitions may change, those given by NEMI
generally apply to all chip carriers and package solutions [49, 50]

Integral passive or integrated packages can use thick- or thin-film processes
and can be fabricated using ceramic technology, thin film, laminate technologies
or within silicon die. Utilizing buried integral passives permits increased space
on boards or packages that can not be integral. Most approaches to date have
utilized thick-film paste printed on layers. More recent developments include
sputtered or evaporated metals on dielectric films.

4.6.1.1 Resistors

Resistors have been integral to ceramic packaging since the 1960s where pal-
ladium-silver—palladium oxide—glass thick films were screen printed on chip
carriers. Today, resistors support small or preferably no change of properties
with time. Resistor properties are defined as positive or negative temperature
coefficient of resistance (TCR), which relates to changes in resistance with tem-
perature. Resistors ranging from a few ohms to thousands of ohms are available
using ruthenium oxides and lead borosilicates resistor pastes as examples. In
addition, a wide range of compositions are used, depending upon the temperature
coefficient of resistance desired. Increase control of tolerances in advanced appli-
cations are continuing to be sought. Laser trimming of resistors after sintering is
utilized to fine tune the desired resistor values.

Thin-film resistors have also been widely used on top of blank ceramic carriers,
but the major focus in recent years has been on the integration of resistors into
multilayer, multichip thin-film modules. Materials such as copper—nickel alloys,
tantalum—nitride, tantalum-silicide, ruthenium—dioxide, and titanium—tungsten
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have been vacuum deposited on ceramic and/or polymer layers to integrate both
within and on the surface of a package. Most of these applications are in the
development or prototyping stage.

4.6.1.2 Capacitors

Integral capacitors have been used in multilayer ceramics where thin dielectric
tape layers (sometimes with increased dielectric constant for increased capaci-
tance) are incorporated during the building of a chip carrier. Cavity wire bond
packages and area array flip-chip packages used from one to about five thin dielec-
tric layers to provide capacitance near or directly under a die. High temperature
co-fired ceramic (HTCC) with integral capacitors uses dielectric thickness down
to ~20 pwm fired and a dielectric constant of 9—14 for alumina ceramic. Integral
capacitors in LTCC can provide higher capacitance values where dielectric con-
stants of 8—40 have been utilized with similar dielectric thickness compared to
HTCC. Potential integral capacitor solutions for LTCC are being developed with
dielectric constants of over 200.

Thin-film capacitor development is also primarily driven by the need to provide
high decoupling capacitance coupled with a low-impedance path as close as
possible to the chip. These factors become more and more important as chip
frequencies increase and chip voltages decrease. Several materials and techniques
are being investigated to produce thin, high-dielectric-constant, defect-free films
compatible with multilayer copper/polyimide thin-film structures. Materials such
as barium titanate, aluminum oxide, and tantalum pentoxide either deposited as
the oxide or subsequently anodized have been used to achieve capacitance values
as high as 70 pF/cm?’.

This work continues at the exploratory and protype stage. As the performance
of discrete capacitors continues to improve, the performance requirements for
economic use of integral capacitors also continue to increase.

4.6.1.3 Other Applications

As discussed in the introduction, communications is becoming an increasingly
important area for ceramic applications. A wireless radio product utilizes hun-
dreds of discrete components. Increasing functionality along with manufactur-
ing cost and miniaturization requirements are causing increased focus on low-
temperature co-fired ceramic technology with integral passives. Motorola has
reported on the development of multilayer ceramic integrated circuits (MCIC)
where low-temperature co-fire ceramic (LTCC) could be used to integrate radio
frequency functions for wireless communications application.

4.7 PRODUCTS APPLICATIONS FUTURE TRENDS

The future trends for area array ceramic include all aspects of advances in pack-
aging with application focus on:
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1. Higher performance server applications, high I/O single chip module (SCM)
and complex MCMs for example

2. Communications for both wired and wireless applications, internet switches
for example, and integrated function wireless digital-radio frequency
mixed signal packages for hand-held applications requiring low power

3. High function interposer capacitors that provide capacitance directly to
a chip

4. Base support for virtual chips or system on a package solutions either with
or without thin-film wiring

5. High-performance and high-reliability applications such as space, auto-
motive, telecommunications, military, and critical application specific
integrated circuit (ASIC) requirements with high I/O and large die size

6. High-density probes and space transformers for electrical test probes and
wafer probes

The future trends for area array ceramic include:

. Automated design for advanced wiring and increasing numbers of nets

. Automated design and modeling for function including integrated passives

. Increased I/0O and I/O density to a chip and from the package to the board

. Higher wiring density in the chip carrier

. Capability to tailor impedance for multiple circuits

. Capability to support multiple voltages (3 plus)

. High reliability surface mount and land grid array for connection to boards
without reduction in thermal cycle performance, cost impact, or electri-
cal impact

8. Support to each market segment where ceramic is optimized for cost and

performance, using advances in materials and process technology to meet

customer applications

N N W=

4.8 SUMMARY

Low-temperature co-fire ceramics have many attributes that meet the needs for
applications ranging from simple, high-frequency, hand-held communications
needs to complex switches and multichip modules that support high-performance
servers and supercomputers. The advantages of the LTCC materials such as low
dielectric constant and high conductivity copper conductivity provide low-cost
solutions for many customers needs. LTCC processing begins with raw materi-
als, including dielectric powders and conductive metal powders, and continues
through multilayer ceramic processing, resulting in a three-dimensional array
of conductive wires with a dielectric of desired properties. LTCC also can be
fabricated with integrated passives and has extendability in the wiring and inter-
connection ground rules compared to those used today. LTCC will continue to
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be used in a variety of applications where it is best at meeting the cost and
performance objectives sought by the customer.
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5.1 INTRODUCTION

Intermetallics are a broad class of metals resulting from the combination of
various elements including nickel aluminide, titanium aluminide, niobium alu-
minide, iron aluminide, iron silicide, and various other silicides. Each has a
unique set of properties. Titanium aluminide is valued for light weight (lower
than nickel-based superalloys), oxidation resistance, and stiffness. Niobium alu-
minide is light weight and, with a melting point of 2060°C (3740°F), operates at
higher temperatures than nickel-based superalloys but has low fracture toughness
and poor oxidation resistance at elevated temperatures.

Various silicides have been commercially available for many years, particularly
molybdenum disilicide, used in heating elements. Iron silicide (FeSi) is sold under
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the trade name Hastalloy D and used in high-temperature castings. Another iron
silicide (Fe;Si) is available as Duriron™. Other silicides are used for their oxi-
dation resistance. All have attractive melting temperatures with some reaching
2400°C (4352°F). They are also used as coatings to protect other materials such
as niobium aluminide from oxidation.

The nickel aluminide composition NizAl has been known for years as an
intermetallic material that, due to its ordered crystal structure and high melt-
ing temperature, is strong, hard, and thermally stable. It is particularly attractive
because it combines lower density (25% less than superalloys) and resistance
to wear, deformation, fatigue, oxidation, carburization, and coking. Particularly
attractive is the unusual characteristic of increasing strength with increasing tem-
perature. Despite such attractive properties, Nickel aluminide did not find wide
use because it was too brittle to fabricate and too expensive. In 1982, Oak Ridge
National Laboratory scientists, led by C. T. Liu, discovered a way to make this
desirable material ductile. The result is a material (IC-221M) lighter and five
times stronger than stainless steel that becomes stronger as the temperature
approaches 800°C (1472°F), as shown in Fig. 5.1.

The research, development, and commercialization of NizAl included a lower
cost, safer process developed by a team of Oak Ridge National Laboratory sci-
entists led by Vinod Sikka. All of this effort combined to produce a useful
structural material of value in many industrial structural applications ranging
from furnace furniture and steel processing rollers to making dies for forming
beverage containers.
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FIGURE 5.1 Tensile properties as a function of temperature. (Courtesy of ASM, Inter-
national.)



PHYSICAL PROPERTIES

151

The NizAl-based alloy is produced by Alloy Engineering and Casting Com-
pany (Champaign, Illinois), United Defense Corporation (Anniston, Alabama),
BiMac Corporation (Dayton, Ohio), Sandusky International Corporation (San-
dusky, Ohio), and Alcon Industries (Cleveland, Ohio). Ni; Al powder is available
from Ametek Corporation (Eighty Four, Pennsylvania).

5.2 PHYSICAL PROPERTIES

The physical properties of the NizAl alloy designated IC-221M are given in
Table 5.1 and Figs 5.2 and 5.3. Data highlights include tensile yield strength and

TABLE 5.1 Design Data for Ni;AL-Based Alloy IC-221M

Property

Temperature (°C)

Room 200

400 600

800

900

1000

1100

Density (g/cm3)
Hardness (R¢)
Microhardness
(dph)
Modulus (GPa)
Mean coeff. of
thermal
expansion
(107%/°C)
Thermal
conductivity
(W/m - K)
0.2% Tensile yield
strength (MPa)
Ultimate tensile
strength (MPa)
Total tensile
elongation (%)
102 h rupture
strength (MPa)
10° h rupture
strength (MPa)
103 h rupture
strength (MPa)
Charpy impact
toughness (J)
Fatigue 10° cycle
life (MPa)
Fatigue 107 cycle
life (MPa)

7.86
30 —
260 270

190
13.08"

200
12.77¢

11.9 13.9

555 570

770 800

14 14

280

590

850

290

174
1372

160
14.33%

16.7 20.3

610
850

17 18

40 35

630°¢

550¢

280

148
15.17

252

680

820

230

139
15.78°

27.5

600

675

120

126
16.57°

30.2

400

500

200

200

10

4Room temperature to 100°C (212°F).
bRoom temperature to specified temperature.
“Data at 650°C (1202°F) for investment-cast test bars.
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modulus at 1100°C (2012°F) (Table 5.1), creep strength (Fig. 5.3), and properties
superior to other high-temperature alloys (Figs, 5.1-5.3 and Table 5.1). The high
melting temperature of 1400°C (2552°F) enables the high-temperature properties
of NizAL

NizAl possesses good compressive yield strength at 650—1100°C (1202-
2012°F) and superior fatigue resistance compared to many nickel-based superal-
loys.

Its hardness results in excellent wear resistance even at temperatures above
600°C (1112°F).

5.3 CORROSION RESISTANCE

A couple of attributes contribute to the corrosion resistance of IC-221M. The
aluminum at the surface oxidizes to protect the bulk of the alloy from corroding
substances, including oxygen. The aluminum content of the bulk alloy is set at a
level to maximize its corrosion resistance to other materials, such as sulfuric acid.

Carbon has a low affinity for aluminum, giving the NizAl alloy excellent
resistance to a carburizing atmosphere and coking. This resistance is maintained
to 1100°C (2012°F).

The resistance of IC-221M to these conditions is illustrated in Fig. 5.4.
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FIGURE 5.4 Reducing carburizing environment for Ni3Al vs. nickel-based alloys.
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5.4 APPLICATIONS

NisAl alloy IC-221M is being used in furnace furniture, steel transfer rollers, and
in a number of other high-temperature applications.

Heat treaters use tables, trays, posts, fixtures, and other supports, commonly
called “furnace furniture,” to hold treated parts in the furnace (Figs. 5.5 and 5.6).

FIGURE 5.5 Pusher carburizing furnace trays.

FIGURE 5.6 Batch carburizing furnace trays.
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Delphi Automotive Systems Corporation uses furnace furniture at its Saginaw
(Michigan) Steering Gear plant to hold gears for power steering systems while
hardening them in a high-temperature carbon atmosphere. At the end of this
carburizing process, the gears and their supporting furniture are quenched from
900°C to room temperature. The same furniture is subjected to this cycle with
every load of gears processed. This repeated thermal cycling and the carburiz-
ing atmosphere makes this a severe challenge to any furnace material. Delphi
engineers are replacing chromium alloy furniture with nickel aluminide. The
nickel aluminide forms a thin film of aluminum oxide on its surface, prevent-
ing carbon from diffusing into the body of the metal. HP, a chromium nickel
alloy, furniture lasts 6 months. The nickel aluminide furniture is still in operation
after 39 months.

The superior strength of NizAl permits heavier tray loading while decreasing
the tray size. The use of nickel aluminide has resulted in furniture replacement
savings, higher operating temperature, a 10% throughput increase, reduced cost,
reduced energy use, and less waste. The efficiency gain allows Delphi to postpone
plans to build a new furnace.

A major U.S. steel maker heat treats steel plates to soften them and then
pass them over transfer rollers to provide a smooth surface finish and move
them through the process. Due to the high process temperatures, conventional
rollers sag, jostle the plates, develop oxide particles, and blister, scratching the
plates. Nickel aluminide rollers withstand the heat and are three times stronger
than the conventional rollers. The nickel aluminide rollers are only inspected
once per year versus the conventional practice of shutting down every 6 weeks,
inspecting rollers, grinding out particles, and replacing sagging rollers. The use
of nickel aluminide rollers reduces downtime, the number of spare rollers and
the cost of repairing rollers, resulting in savings for the plant. The rollers are
centrifugally cast of nickel aluminide alloy, IC-221M, manufactured by San-
dusky International Corporation, product number 184687. Cast rings were welded
together at Oak Ridge National Laboratory for the initial tests. Engineers used
IC-221LA filler metal provided by Stoody Company (Bowling Green, Kentucky)
(See Figs. 5.7 and 5.8). Preapplication testing included weld tensile strength,
fatigue (360 cycles, 871°C (1600°F) to room temperature), hardness versus time,
microstructure examination, and oxidation behavior.

Nickel aluminide is also being evaluated as statically cast triunions for rollers
in austenitizing and hydrogen annealing furnaces.

Ni3zAl is being evaluated as thick-walled tubes and pipe because iron oxide
does not stick to it. NizAl has less creep and better resistance to carbon and
oxygen than conventional materials such as cast stainless steels (HU and HP
modified).

United Defense is supplying nickel aluminide rails to Rapid Technologies
Corporation (Newnan, Georgia) for its walking-beam furnaces. Its heat-treating
furnace moves steel bars rapidly through a high-temperature zone. The concept
requires rapid heating, resulting in less natural-gas and cooling water. Without
nickel aluminide beams, these savings and their product would not be possible.
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FIGURE 5.7 Furnace roll for hydrogen annealing furnace.

FIGURE 5.8 Blistering of conventional furnace roll.

NizAl is being evaluated as statically cast die blocks for the hot forging process
to increase life because of its yield strength at 850°C (1562°F) and its resistance
to oxidation, which is better than cast stainless steels. Ni3zAl is being evaluated as
cast hot pressing dies for permanent magnet material. It has excellent chemical
compatibility and high-temperature yield strength compared to IN-718.
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Cast-shaped rods of Ni3Al are used as industrial furnace heating elements
to increase life by increased oxidation resistance and sagging. They replace
FeCrAl alloys.

NizAl powder is used as a binder for tungsten and chromium carbide as
tool and die materials. It improves wear resistance and aqueous corrosion resis-
tance in certain acid solutions. It replaces expensive cobalt currently used as the
binder material.

NisAl is being used in circuit boards as a metallic core that absorbs more
heat than a monolithic Al,O3 board. This enables the board to handle higher
power devices.

Other applications include tube hangers, ethylene cracker furnace tubes, gas
filters, radiant burner tubes (Fig. 5.9) (see Chapter 3 for descriptions of these four
applications), glass processing equipment, furnace belt links (Fig. 5.10), container
dies, binder for tool and die material, auto belt tooling, furnace heater (and other
heater elements), mufflers, return bends, firing legshot forging dies, hot pressing
dies, trays, mufflers, brake components (Fig. 5.11), boiler tubes, catalytic con-
verter substrate, salt bath containers, sulfuric acid containers, mixers, and other
parts in corrosive solutions.

In 1995, 50,000 1b of NizAl were made.

5.5 SPECIFICATIONS

NisAl-based alloy is the first intermetallic alloy to have an approved ASTM
specification, A1002-99, Standard Specification for Castings, Nickel-Aluminum
Ordered Alloy (Table 5.2).

FIGURE 5.9 Radiant burner tube.
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FIGURE 5.10 Belt furnace links cast from NizAl alloy 1C-438.

FIGURE 5.11 Truck brake stabilizer forged using NizAl-based die.

5.6 WELDING

IC-221LA is the recommended weld wire for cast repair of NizAl-based alloys
in applications to 800°C (1472°F). Above 800°C (1472°F), use IC-221 W. This
latter wire is also useful for weld overlay deposits on steels, stainless steel, and
other nickel-based alloys. Stoody Company and Polymet Corporation (Cincinnati,
Ohio) produce weld wire (Fig. 5.12).
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TABLE 5.2 Chemical Requirements Specified under
A1002-99 for Castings of NizAl-Based Alloy

Element Composition (wt %)
(o 0.08

sb 0.02

Al 7.3-8.3
Cr 7.5-8.5
Mo 1.20-1.70
Zr 1.60-2.10
B 0.003-0.012
Si® 0.20

Fe* 1.00

Ni ¢

¢ Maximum.
b Maximum. For welding applications, the sulfur shall be 0.003%
by weight or less and silicon shall be 0.05% by weight or less.

¢ Balance.
95-mm-OD centrifugally cast tube
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FIGURE 5.12 Variation of yield strength with temperature for IC122M tube weldments.

5.7 SUPPLIERS

Several manufacturers supply NizAl and weld wire. Static castings are pro-
vided by Alcon Industries Incorporated (Cleveland, Ohio), Alloy Engineering
and Casting Company (Champaign, Illinois), and United Defense LP (Anniston,
Alabama). The latter two companies also supply centrifugal castings as does
Sandusky International (Sandusky, Ohio).

Ametek (Eighty Four, Pennsylvania) supplies Niz Al powder. Stoody and Poly-
met supply weld wire.
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5.8 MATERIALS AND PROCESSES

A new process was invented to assure that the aluminum was safely contained
during the manufacture of NizAl. In this Exomelt™ process, the exothermic heat
from the reaction of aluminum with nickel melts the alloying elements that give
this NisAl its desirable ductility and strength (Fig. 5.13).

The crucible loading sequence is critical. Nickel is placed on the crucible
floor. It is topped with alloying elements, then another layer of nickel sandwiched
between two layers of aluminum. The crucible is heated to 800°C (1472°F) to
melt the aluminum. It reacts with the nickel to form NiAl. The resulting heat
release melts the NiAl (>1639°C) (2980°F) and forms droplets that drip onto
the remaining aluminum. Maintaining the heat results in exposure of the bottom
nickel layer and the formation of NizAl.

The important feature of the Exomelt™ process (Fig. 5.14) is the layering de-
scribed above. It uses the exothermic heat to drive the process, reducing energy
input and resulting in an economical process, saving one-third to one-half of
the energy consumed by the conventional process. The rapid heating minimizes

FIGURE 5.13 Furnace schematic of the Exomelt process. (Courtesy of John Wiley &
Sons, Inc.)
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FIGURE 5.14 Exomelt process loading sequence.

oxidation of the alloying elements, increases furnace life by minimizing time at
high-temperature, and safely protects heating elements from attack by aluminum.

Vacuum melting in the Exomelt process is helped because all alloying ele-
ments can be loaded at the start of the process. NizAl is produced in heats of
150-3000 Ib.

The Exomelt™ process reduces process time by 50% (Fig. 5.15). It is repro-
ducible and extends furnace crucible life. Temperature is controllable. It is inheri-
tantly safe to operate, and on-stream commercially, producing more than 100,000
Ib in 1998. It utilizes vacuum melting by loading aluminum at the start of

| Exo-Melt™ Process |
| |

| Ingot | |Sand | | Investment | | Centrilfugal | |Gas |Water|

L 1
|Sheet, Plate | | Components | | Pipes | | Coatings |

FIGURE 5.15 Exomelt process decision tree.
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the process. Remelting can be used. Totally, savings add up to 50% over ear-
lier processes.

5.9 U.S. DEPARTMENT OF ENERGY PARTICIPATION

The research of NizAl was funded by the U.S. Department of Energy and con-
ducted by C.T. Liu of Oak Ridge National Laboratory.

A team of Oak Ridge National Laboratory scientists, led by Vinod Sikka,
partnered with Phillip Morris engineers to develop the award-winning Exo-
Melt™ process. They invented the Exo-Melt™ process, a safe process that earned
an R&D award from R&D magazine. Funding was a $21 million investment
over 20 years.

The U.S. Department of Energy, Office of Industrial Technologies, and the
Delphi Automotive Systems Corporation provided the funding to jointly develop
the NizAl furnace fixtures.

5.10 SUMMARY

Innovative product and process development has resulted in an economical NizAl
alloy of unique and beneficial properties compared to other high-temperature
alloys. Several manufacturers provide NizAl in the form of furnace furniture,
steel process rollers, and other shapes for many other applications.

5.11 FOR MORE INFORMATION

Contact Vinod Sikka (865) 574-5112, sikkavk@ornl.gov, telephone: 865-574-
5112. See the Oak Ridge National Laboratory website: www.ornl.gov

Contact these suppliers: Alloy Engineering and Casting Company (Champaign,
[llinois), Alcon Industries Incorporated (Cleveland, Ohio), Sandusky International
Corporation (Sandusky, Ohio), United Defense LP (Anniston, Alabama), Stoody
Division of Thermadyne Holdings Corporation (Bowling Green, Kentucky), and
BiMac Corporation (Dayton, Ohio).
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6.1 INTRODUCTION

Just as plastics and ceramics can be composited, so can metals. One of the newest
class of commercially available materials are metal matrix composites (MMCs).
These composites are analogous to organic (plastic) and ceramic composites
because they are also composed of a reinforcement, usually a fiber, and a matrix.
In the case of MMCs, as indicated by the name, the matrix is one or more
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TABLE 6.1 Range of Common Metal Matrix

Composites

Density, kg/m® 2000-5500

Tensile strength, 400-1000
room temperature, MPa

Bend strength, MPa 600-1300

Compression strength, MPa 500-1000

Elastic modulus, GPa 120-300

TABLE 6.2 Properties of Carbon Fiber-Reinforced
Aluminum Matrix MMC

Tensile strength, MPa 825
Bend strength, MPa 1300
Elastic modulus, GPa 200

metals. Metal matrices include aluminum, magnesium, nickel, titanium, copper,
and other metals. The fiber composition also varies, but the most common are
ceramic, usually carbon or silicon carbide. Although they can be reinforced with
particulates, MMCs are typically reinforced with fibers in continuous strands
or chopped or whiskerlike. Because the matrix and fiber selections are many
and varied, a wide range of properties result from the many possible formulas.
Table 6.1 gives the range of properties due to the range of compositions.

A popular MMC is carbon-fiber-reinforced aluminum. Table 6.2 gives the
properties of one of these compositions.

Composite composition can be further tailored to provide other properties
required by specific applications. For instance, weldability can be altered. If the
MMCs need to be welded to titanium, titanium is added to the MMC composition
to facilitate weldability.

Metal matrix composites can operate at temperatures up to 800°C (1470°F),
between that of plastic matrix composites and continuous fiber ceramic compos-
ites. At this temperature range and lower, MMCs are used where low weight,
stiffness, toughness, fatigue resistance, erosion resistance, high thermal conduc-
tivity, and dimensional stability are desired. This has led to applications in
aerospace, electronic, automotive, and other industrial applications.

6.2 APPLICATIONS

Like many advanced materials, MMCs were initially used in the aerospace indus-
try where a high value is placed on weight savings and high performance. The
high-strength density of MMCs coupled with their stiffness makes them useful
in aircraft fins, helicopter rotor components, and exit vanes in turbine engines.
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Engineers select MMCs for spacecraft struts and booms because weight saving
is particularly important.

Like plastic composites, sporting goods markets find value in materials used
in aerospace applications. MMC golf club shafts and heads, bicycle frames, and
other bike components are used for both their stiffness and weight savings.

The automotive industry is finding that stiffness, wear resistance, fatigue resis-
tance, and weight savings are important MMC features. Engines utilize MMC
pistons, cylinder liners, brake rotor, and drums value MMC wear resistance, high
thermal conductivity, and dimensional stability. Driveshafts and other applica-
tions take advantage of MMC stiffness.

Engineering data is available in Military Handbook 17 and at ASM Interna-
tional, Materials Park, Ohio 44073-0002, telephone (440) 338-5151 ext. 5663,
Fax (440) 338-4634, website at www.asminternational.org

6.3 PROCESSING

Metal matrix composites are formed by methods similar to other composites.
MMCs can be formed by continuous casting (drawn through a die to form rods
and beams), plasma spraying (tapes), powder metallurgy, and liquid infiltration.
Sheets and plates are formed by rolling into a die and extruding.

Continuous casting is very efficient. It also exposes the composite to less time
at temperature, so a wider selection of metal matrices can be used.

In all of these processes, the matrix is heated above its melting point to
facilitate forming and also wetting of the fiber. The “wet” perform is placed
in a vacuum or pressurized to maximize fiber wetting, then solidified under heat
and pressure in an autoclave. Variations in the subsequent heat-treating steps also
affects the final properties of the MMC, giving the designer a variety of properties
from which to choose. Final steps include machining techniques common to
metals processing.

Like ceramic composites, the fiber requires a ceramic coating to protect it
from matrix attack and a transition metal coating to enhance wetting of the fiber
by the matrix. In MMCs, unlike continuous fiber ceramic composites, bonding
between the fiber and matrix improves the composites strength.

6.4 DAMAGE TOLERANCE

6.4.1 Introduction

Even though the first unidirectional metal matrix composites (the other two types,
namely whisker reinforced and particle reinforced, do not exhibit any remark-
able fatigue resistance superiority when compared to monolithic materials, and
therefore the fatigue research has somehow isolated them) date back to the mid-
1950s, many engineers still refer to them as “exotic” materials. Back in the 1950s,
as a solution to many engineering problems, a material was created that could
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withstand extreme mechanical conditions (these are defined in cases where ambi-
ent conditions, i.e. heat, can deteriorate the mechanical properties of the material).
At that time, the space program was receiving a lot of governmental funding.
Metallurgists and material’s research engineers thought that a universal solution
to many so-called extreme engineering problems could be the “artificial” creation
of a material that could embed the mechanical characteristics of one material (or
phase or matrix) with the physical characteristics of a second material (fiber).
This distinction between mechanical and physical characteristics can be appre-
ciated if we consider that a ductile material exhibits a higher fatigue resistance
(mechanical characteristic) than a brittle (material, while a brittle material is
showing better performance to resist, for example, heat (physical characteristic).
Considering the potentials emanating from such theoretical assumptions, it is not
difficult to understand why unidirectional metal matrix composites (uMMCs) has
achieved such a degree of research interest during the last 40 years.

Undoubtedly, the same potentials characterize all composite material, however,
the true benefit from the use of uMMC:s is their superior fatigue resistance. When
engineers conducted the first-cyclic loading tests, they noted that as the crack
was advancing, the crack propagation rate was dropping. According to Paris and
Erdogan [1] this is impossible because the growth of a crack under cyclic loading
is in direct connection to the stress intensity factor (SIF):

— =C AK™, 6.1
N (6.1)

where da/dN stands for the change in crack length per loading cycle; C, m are
empirical constants (depending on microstructure, load ratio environment, etc.);
AK is the SIF range defined as:

AK =Y Aoc+/ma, (6.2)

where a is the crack length, Y is a geometric correction factor, and Ao is the stress
range. The only similar behavior known to date was the closure effect provided by
the extra plasticity positioned close to the crack tip due to residual plastic stretch
at crack flanks (the phenomenon is known as plasticity—induced crack closure,
or as Elber’s theory [2]). It was therefore evident that such behavior is controlled
by the conditions of contact behind the crack tip. The first hard evidence of
this new phenomenon, published in 1973 by Avenston and Kelly [3], where
fiber bridging (FB) was quoted as responsible for this quasi-static toughening
improvement. The basic idea around FB is that if the fiber strength is high
enough to sustain the intense stress field ahead of the crack tip without failure,
then with further propagation of the crack, the fiber is inserted into the crack. As
a result of the continuous opening and closing of the crack flanks, the bridged
fiber slides against the crack flanks producing a reaction stress known as bridging
stress, o1. Since only the “openings” of the crack are really responsible for crack
growth in a tensile fatigue crack, the reaction stress o has an opposite direction
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FIGURE 6.1 Fiber bridging induced closure.

to the direction of the applied stress and therefore is considered as closure stress.
The bridging process is schematically shown in Fig. 6.1.

In 1995 the theoretical background around fatigue crack growth in uMMCs
was impacted by the introduction of the so-called fiber constrain effect (FCE) [4].
Experiments conducted in a 32% SCS-6/Ti-15-3[0]g under tensile fatigue loading
showed a complete different crack growth behavior when the crack growth was
monitored on a 100-cycle base than on a typical 1000-cycle base [5]. This thor-
ough examination revealed that when a crack is approaching the fiber, the crack
growth rate experiences some kind of growth retardation. This retardation, which
is not visible in the 1000-cycle base monitoring, was found to become more
considerable as the crack was advancing closer to the fiber. However, at some
distance from the fiber, the crack growth rate was found to accelerate rapidly to
a value close to that attained before the onset of the retardation. This “ladder”-
type (Fig. 6.2) growth behavior was attributed to the fact that when the crack
approaches a fiber (or fiber row in a two-dimensional definition), the high stiff-
ness fiber (the stiffness of fiber phase is up to five times higher than the matrix
in the most known uMMCs) exerts some kind of constrain to the freely propa-
gation of crack tip plasticity [4]. The term freely should not be misunderstood;
the matrix yield stress definitely dictates the propagation of plasticity. However,
it is taken to have a constant effect (without microstructural changes).

To better understand the idea of FCE, let us recall some basic principles of frac-
ture mechanics. In any crack system, the stress ahead of the crack tip is assumed
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FIGURE 6.2 Typical “ladder”-type growth behavior due to FCE.

to follow a relaxation pattern with three distinct points, as shown in Fig. 6.3a.
At point A(r = 0) the stress is assumed infinite (maximum); at point B(r =r))
the stress is equal to yield stress of the material; and at point C(r — max) the
stress is assumed equal to the far-field stress (applied stress). The distance r),
also known as plastic zone (first recognized by Paris and Erdogan [1]), represents
the area where the von Mises equivalent stress exceeds the yield stress of the
material [6]. If now the crack is allowed to propagate an amount Aa, a simi-
lar displacement will occur to the plastic zone. It should be noted that further
extension of the crack will result in a proportional increase of r,.

However, by positioning a brittle fiber at the end of the plastic zone, Fig. 6.3b,
the plastic zone is not able to attain similar displacement (Aa), since the “yield
stress/fracture strength” of the fiber is much higher than that of the matrix mate-
rial. Under physical meaning definition, the above indicates a flow transition (at
point B) of the matrix strain corresponding to oy, into 6,/E,, E, where Ef, E,,
is the stiffness of the fiber and the matrix, respectively.

In 1995 de los Rios et al. [5] published a work where the continuous block-
age of the plastic zone displacement was assumed to produce a tensile stress
concentration (FCE) around the constraining fiber. In the same work, the authors
supported the idea that the FCE will continue to proportionally increase with crack
length until the FCE is able to achieve: (a) interfacial debonding or (b) failure
of the fiber. When one of the two damage conditions is achieved, the plastic
zone is allowed to propagate, and hence the crack growth rate recovers back to
a primeval value. Furthermore, experimental work on Ti-based uMMCs [7] has
revealed that the crack tip plasticity constrain provided by the intact (undebonded
or unbroken) fiber is so severe that when the crack tip plasticity is allowed to
propagate it actually jumps to the next fiber. Whether interfacial debonding or
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FIGURE 6.3 (a) Crack extension of Aa results into similar propagation of the plastic
zone. (b) Effect of FCE on crack propagation.
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fiber failure will be achieved first is indicated by the quality of the interface.
Generally “weak” interfaces, which proclaim the existence of a low value of
interfacial shear strength (a parameter that defines the amount of stress that can
be transferred from the matrix to the fiber and vice versa), tend to produce inter-
facial debonding, while “strong” interfaces tend to produce fiber failure. The
distinction between weak and strong interface can be found in any updated com-
posite materials handbook. It should be noted that the first statement regarding
crack tip shielding by stiffer elastic boundary was made by Ritchie [§].

Between 1996 and 1999, published experimental and theoretical results [9-11]
indicated that the basic damage mechanisms (FB, FCE, and yield stress) dictating
fatigue damage in uMMC:s are subjected to some kind of deterioration with load-
ing history. For example, FB, FCE, and yield stress were reported to fade away
with crack length. This time-dependent behavior (TDB), as we will see later,
defines the boundaries between reliable and nonreliable damage-tolerant design.

To include a detailed analysis of damage-tolerant design in uMMCs within the
limits of a handbook is an impractical task. This is due to the massive theoretical
background hidden behind each damage mechanism. However, a damage-tolerant
design analysis without the slightest dash of a supportive background is hope-
less. Therefore, the following section discusses essential concepts regarding each
damage mechanism.

6.4.2 Fatigue Damage in uMMCs

6.4.2.1 Role of the Interface

There are several reported works regarding the influence of fiber—matrix inter-
face on the fatigue performance and failure modes of matrix growing cracks
in uMMCs [12, 13]. However, the complex chemical, physical, and mechan-
ical interfacial phenomena, observed especially in the ductile titanium matrix
interfaces [14], have constrained the classification of the role of the interface on
fatigue into two limiting types considering their resistance to debonding.

The first type considers that the interface is weak in comparison to the matrix
yield strength [13], and so the stresses near the tip of the matrix crack as it
approaches the fiber could cause the fiber to debond from the matrix (Fig. 6.4).
This mechanism was first proposed by Cook and Gordon [15] (also known as the
Cook—Gordon effect), who suggested that the matrix crack deviates along the
interface. During debonding, the stress and deformation fields developed at crack
tips located at or near the bimaterial interface induce a mixed-mode fracture
character, K = K| + K, (K|, K| represents the strength of stress singularities
in tensile and in-plane shear loading, respectively), which in turn reduces the
driving force at the vicinity of the crack tip and consequently increases the
fracture toughness of the material [16—18].

It was reported that the duration of the debonding propagation is increased
in cases where high residual stresses prevail [19]. Clearly, high residual stresses
reduce the microstructural resistance at the interface. Matrix cracks may revert
back to mode I matrix cracking (K; = 0) when the stress field ahead of the
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FIGURE 6.4 Weak interfaces allow interfacial debonding (bimaterial propagation) under
high crack tip stresses. Bimaterial propagation is achieved, when Ky is equal to the fracture
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FIGURE 6.5 Strong interfaces can achieve maximum FCE. However, due to fiber fail-
ure, they minimize any FB.

interface crack is less than the strength of the interface [20, 21]. Moreover, He and
Hutchinson [22] argued that the debonding process is promoted by the existence
of microstructural defects in the reaction zone. High values of fiber volume
fraction were reported to enhance the possibility of interfacial debonding since
the statistical number of weak interfaces ahead of the crack tip is increased [23].
Additionally, fiber orientations between 45° and 90° were found to promote the
deflecting crack tip behavior [24].

When the fibers are well bonded to the matrix (strong interface), debonding
may not occur as the crack approaches the fibers, but instead fiber failure in a
brittle manner will take place [25] (Fig. 6.5). This type of damage behavior is
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explained since for high values of the interfacial shear strength the FCE could
become higher than the ultimate tensile strength of the composite. Even though
this type of damage reduces the fracture toughness and the fatigue resistance of
the material [26], numerical work has shown that strong interfaces enhance the
performance of the transverse mechanical properties [27, 28]. The multiple fiber
fractures observed in this type of material is a consequence of transferring to the
matrix the loss of stiffness after fiber failure, which in turn is directly transferred
back to the broken fiber, which may fail again [7].

Several experimental techniques have been proposed in the last few years to
quantify the fiber—matrix interface. These include fiber push-out, fiber pull-out,
and fragmentation testing. A fiber push-out (also known as push-through) test
has been considered as the most straightforward of these techniques designed
to obtain a single debonding and frictional shear stress measurements [29]. The
basic configuration of the push-out test consists of a microhardness testing machine
with a Vickers indenter, controlled by a tensile test machine usually equipped with
a 100-N compression load cell (especially for SCS-6 monofilaments tests) [30].
Indenters with 0.1-mm diameter and 0.1-mm tip length usually made of tungsten
carbide, diamond, or high-strength steel, are used. Axial displacements of the
indenter are measured by a piezotranslator [31]. Generally, the push-out test has
the advantage that a direct shear stress is applied to the interface, while repeated
loading of the interface can provide data for strength degradation due to fatigue.
However, repeated push-out test results should be treated with conservatism since
they represent loading conditions extremely lower than those close to crack tip. A
typical push-out test set-up is shown in Fig. 6.6.

. Spring

To Load Cell

Inductors

Sample

Fiber
Recovery Hole

FIGURE 6.6 Push-out test setup.
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The interfacial shear strength t is calculated directly from the experimental
load—displacement data, considering a simple force balance at the interface:

_ (o4
r_(4L), (6.3)

where o is the axial stress at the fiber at the time of debonding, d is the fiber
diameter, and L is the embedded fiber length or specimen thickness. In Fig. 6.7
fiber push-out load—fiber displacement curve of a SCS-6/Ti-15-3 composite is
shown. Push-out tests conducted on virgin SCS-6/titanium interfaces showed that
the sliding resistance declines with fiber—matrix displacement after debonding.
This behavior has been attributed to wear process and plastic deformation of
the matrix [31]. Additionally, reductions in sliding resistance have also been
reported for interfaces subjected to cycle loading. In the latter case fiber coating
fragmentation, asperity wear, and relief of residual stresses through local plastic
deformation of the matrix due to asperity mismatch were suggested as the main
reasons for such behavior [31].

Fiber pull-out tests, on the other hand, are mainly used to determine the influ-
ence of a matrix crack on debonding and sliding. During loading, a crack is
initiated in the matrix at the circumferential notch. Pull-out tests are generally
utilized in cases where the effect of local stress field, fiber failure, and fiber
pull-out on the debonding and the sliding process are in question [32, 33]. The
machine setup usually consists of a universal tensile machine while the axial dis-
placements are measured using once more a piezotranslator. For the measurement
of the interface strength, the shear-lag analysis [34] is usually used.

z
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= 10 - Displacement -
o —— B
5 — —
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-5 1 1 | 1 | 1 | 1 | 1 | 1
-5 0 5 10 15 20 25 30

Fiber Displacement (um)

FIGURE 6.7 Typical load—displacement data from fiber push-out test. (Figure repro-
duced from [31]).
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(a) (d)

(b) (e)

FIGURE 6.8 Five steps of fragmentation process. Specimen is loaded in tension along
the fiber direction. Clouds of points represent local strength of fiber and white areas
on the black fiber stands for debonded lengths: (a) Residual thermal stresses, (b) elastic
loading, (c) first fiber fracture, (d) extension of debonded, and (e) saturation. (Reproduced
from [33]).

The fragmentation procedure involves heavy straining of the matrix in which a
single fiber is embedded. The test consists of five observation steps leading to the
evaluation of bond strength and sliding distance [30]. The first step (Fig. 6.8a)
corresponds to axial compressive stress (residual thermal stress) resulting from
cool-down from the fabrication process. By increasing progressively the strain on
the matrix, the fiber is subjected to an elastic uniform loading (Fig. 6.8b). As the
strain continues to increase, the fiber breaks at a critical defect and the fragment
ends are first stressed elastically until the corresponding shear stress reaches
the interface strength, (Fig. 6.8c). After further straining the fiber breaks in more
segments. The segment ends are now stressed only by friction stresses (Fig. 6.8d)
up to the final step when the displacement becomes constant (Fig. 6.8¢). The
maximum shear stress is then calculated using the Kelly—Tyson equation [35]:

doya,
21,

(6.4)

where /. is the so-called critical or ineffective fiber length (defines the minimum
fiber length able to support maximum load), d is the fiber diameter, and o 7
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is the fiber strength for the particular segment length as calculated by Weibull
analysis. The advantages of this method are the ability to correlate fiber strength
characteristics and residual thermal stresses with debonding and sliding. However,
the complex behavior due to several fiber breaks raised strong opposition for the
reliability of this method [36].

Analysis of the stress field in the vicinity of the fiber end, for example, is at
a fiber break (where a fiber length / is perfectly bonded to a matrix of lower
modulus, the interface is thin and no load is transferred through the fiber ends),
revealed that load is transferred between the fiber and the matrix by shear stresses.
The pioneer work of Cox [shear-lag analysis (SLA)] [34] showed that the shear
stress is a maximum at the fiber ends and declines to a minimum at the center of
the fiber in a nonlinear manner. Since the fiber ends do not carry the full load,
the average fiber strength is less than the strength of a continuous fiber of the
same length subjected to the same loading conditions. Thus the tensile stress on
the fiber is zero at the ends, which attains the maximum value at the fiber center,
(Fig. 6.9). Extensive review on the SLA can be found in [36—38].

When the shear stress t exceeds the interfacial shear strength of the interface,
interfacial debonding takes place over a specific fiber length given by [23],

_ O‘dd
T4t

1 (6.5)

where o, is the tensile stress at the fiber required to debond fiber length of /; and
T, is the interfacial shear strength. Equation 6.5, however, has been reported to

Stress

Tensile Stress at Fiber

Shear Stress at Interface

FIGURE 6.9 Schematic representation of variation of tensile stress at fiber and shear
stress at interface according to SLA.
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represent an overestimation of the debond length since the debond energy of the
interface has been considered low, and thus the effect of the elastic shear stress
outside the debond length has been consequently taken as negligible [39, 40].
An alternative solution, where the debond length was found to be smaller but
closer to experimental observations, has been reported by Chiang et al. [41]. In
their work strain compatibility between fiber and matrix was assumed to apply
outside the debond length.

After debonding, the damage pattern of the interface is dictated by frictional
sliding at the fiber—matrix interface during progressive debonding and fiber pull-
out. Several models, developed in the last 5 years [42, 33], quantify the sliding
resistance with two parameters: (a) the coefficient of friction . and (b) the inter-
facial clamping stress o, which acts perpendicular to the interface and is caused
by thermal expansion mismatch between the fiber and the matrix or roughness
interaction between fiber and matrix. The sliding resistance is then described as:

T = ploe — oy), (6.6)

where o, is the stress relief due to Poisson’s contraction of the fiber, which has
been reported to be proportional to the fiber axial stress [32]:

oy = KO, (6.7)
where

Em\Jf
K =
Ef(l + \)m) + Em(l — \)f)

Es, E,, and v¢, v, are the Young’s modulus and the coefficient of Poisson’s
contraction of the fiber and the matrix, respectively.

Push-out tests conducted on virgin SCS-6/titanium interfaces showed that
the sliding resistance declines with fiber—matrix displacement after debonding.
This behavior has been attributed to wear process and plastic deformation of
the matrix [43]. Additionally, reductions in sliding resistance have also been
reported for interfaces subjected to cycle loading. In the latter case fiber coating
fragmentation, asperity wear, and relief of residual stresses through local plastic
deformation of the matrix due to asperity mismatch were suggested to be the
main reasons for such behavior [31].

Typical values of the interfacial shear strength have been quoted between
100 MPa [44] and 360 MPa [45], for the as-fabricated SCS-6/Ti-6-4 and between
90 MPa [46] and 125 MPa [44] for the as-fabricated SCS-6/Ti-15-3. Differences
between published data are possibly related to experimental techniques. On the
other hand, values for frictional resistance were found to be 81 MPa for the
as-fabricated SCS-6/Ti-15-3 [44] and 88 MPa for the as-fabricated SCS-6/Ti-6-
4 [44]. Heat treatment has also been observed to influence the shear stress values,
especially in composites with metastable B-matrices such as Ti-15-3. This was
attributed to volume changes of the a-phase precipitate and the corresponding
changes of the interfacial clamping stress [29]. On the contrary, no significant
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changes were reported for the SCS-6/Ti-6-4. Interfacial shear strength has been
reported to increase with specimen thickness up to a value of approximately four
to five times the fiber diameter and found to be independent of specimen thickness
thereafter [46].

6.4.2.2 Fatigue Damage — Notched Specimens

The propagation of fatigue cracks from local stress concentrations could be
extremely complex due to differences in the initial value of composite strength
and the corresponding differences in the fatigue damage pattern. In general, the
presence of notches leads to a reduction of strength due to (a) reductions in the
effective cross-sectional area of the component and (b) stress concentrations at
the notch tip. In brittle monolithic materials, the ultimate tensile strength, oy, of
a panel containing a circular hole may be reduced up to a value of onethird of
the strength of the unnotched panel. Alternatively, in notched ductile materials
(especially in the form of thin sheets), Bilby et al. [47] argued that tensile frac-
ture is achieved by the formation of a narrow zone of intense plasticity ahead
of the notch and the nucleation of a crack within the plastic zone. In the same
work it was suggested that if plastic flow and microcracking processes take place,
then the stress concentrations due to the notch are altered, and the material is
characterized by the term notch insensitive. In the case of unidirectional MMCs
two different cases have been identified to control notch sensitivity [48]. If the
fiber—matrix interface is weak, the stress concentration effect leads to large-scale
fiber debonding, and so elastic relaxation due to unloading of the fibers causes
the notch to open and to remove stress concentrations. In this case the composite
is considered notch insensitive. On the other hand if the interface is strong, then
stress relaxation can only be achieved by matrix cracking and fiber failure. In this
case the composite is considered notch sensitive, and the degree of sensitivity
increases with bond strength and fiber volume fraction. Published experimental
work conducted in 32% SCS-6/Ti-6-4 (strong interface) [49] revealed that the
presence of a hole or a notch could lead to a reduction of about 50% of the
strength of the unnotched specimen.

Using single-edge notch specimens, several workers have attempted to distin-
guish the various damage patterns that may develop in Ti-based uMMCs [23, 50,
51]. In as-fabricated SCS-6/Ti-6-4 single mode I matrix cracks were observed to
grow in the first 100—1000 cycles following three different propagation patterns
as schematically shown in Fig. 6.10. When the applied stress or the stress inten-
sity factor is sufficiently high (*75% of the o), then cracks were observed to
propagate in a catastrophic mode I manner (pattern A), with increasing crack
growth rates, as in monolithic materials [23]. In this condition, the majority of
bridging fibers were observed to fail close to crack tip [52]. By reducing the
stress level (*55% of the o), the fibers did not fail immediately, and thus fric-
tion stresses would develop as a result of fiber bridging. These friction (closing)
stresses would cause deceleration in crack propagation rate (pattern B). In this sit-
uation, some of the bridging fibers, especially those close to the notch tip or crack
mouth, might fail and the load carried by the broken fibers should be redistributed
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da/dN

Pattern B

Crack Length

FIGURE 6.10 Fatigue damage behavior of notched uMMCs in relation to the applied
stress.

leading to more fiber failure and causing a rapid increase in the propagation rate.
Within this pattern two different modes of crack growth were observed [51]. If
after the incidence of the first fiber failure no further fibers bridge the crack, the
crack propagation rate would become unstable. Otherwise stable crack propaga-
tion would be expected. The boundary between stable and unstable propagation
was found to be particularly sensitive to stress ratio R(R = Oyin/Omax). 1ests at
high positive ratio (R = 0.5) in notched SCS-6/Ti-6-4 three-point bend speci-
mens [51] showed an increased tendency to unstable propagation in relation to
those conducted at lower ratios (R = 0.1). Additionally, pattern B behavior was
reported to became more frequent with increases in notch length, at a particular
stress level [53]. This behavior was attributed to the increase on the unbridged
length, which causes the stress sustained by the bridged fibers in the crack wake
to increase, and thus fiber failure is achieved at lower stress levels. Elevated tem-
peratures and low frequencies were also reported to promote this behavior [54,
55] (the understanding of such behavior is still under investigation). Fiber pull-out
within this pattern has been reported to be not significant [51]. On further reduc-
tion of the applied stress (*30% of the o), bridging fibers remained largely
intact along the crack, and crack growth rates decrease as the bridging zone
increases. Cracks either attained a steady-state growth condition or arrested due
to reduction in the matrix stress intensity factor (pattern C) [52].
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From tests conducted on SCS-6/Ti-15-3 in the as-fabricated state, mode I
cracks were observed to initiate in a manner similar to that discussed above.
At high stresses (pattern A), extensive bridging fiber failure was observed after
small amounts of crack extension [56]. After subsequent crack growth, fiber fail-
ure ahead of the crack tip was observed to govern the damage pattern [53]. At
lower stresses or shorter notch lengths, fewer fiber failures were noted [57]. In
tests conducted on center-notched tensile specimens, crack growth was observed
initially to decrease while steady-state propagation was observed when the crack
was long compared to the initial notch [58]. This sudden decrease was explained
by Harmon and Saff [59], by suggesting that this behavior may derive from
the extensive debonding of the fiber next to the notch tip and the correspond-
ing stress relaxation. However in fatigue tests conducted on single edge-notched
specimens at positive mean stresses [52], secondary cracks were found to initiate
from the original crack or notch tip and propagate along the fiber—matrix inter-
face. After these deflected cracks had propagated parallel to the fiber direction
for a certain distance, the cracks were deflected and propagated perpendicular to
the fiber direction. Similar multiple matrix cracking was observed about circular
holes [60], where mode II secondary cracks nucleated at locations of maximum
shear stress [59]. Controversial opinions have been reported on the effect of heat
treatment on SCS-6/Ti-15-3. In one work [52], it was reported that heat treatment
decreases the crack propagation rate. In another work it was found that extensive
thermal exposure could lead to catastrophic failure even if low stress levels were
applied [54]. For thermal exposed composites, the stress ratio was found to have
a small effect at low and mean stresses [54].

6.4.2.3 Fatigue Damage — Unnotched Specimens

W. S. Johnson is considered a pioneer in the field of fatigue damage in uMMCs.
From the early days of his Ph.D. thesis in 1979 [61] and up to 1988 [62], he
suggested that the main cause of fatigue failure in any unidirectional composite
system is the damage accommodated by the fiber (failure) and the corresponding
loss of stiffness. Experimental observations in alumina-fiber-reinforced aluminum
composites, conducted by the U.S. Air Force Materials Laboratory [63], con-
vinced researchers that the most significant damage mechanism is extensive fiber
damage, including multiple fractures of individual fibers. They found that even
at the late stages of the fatigue life of a specimen, the fatigue resistance of a
composite was still superior to that of an unreinforced matrix, since a sufficient
number of broken fibers were still able to carry load quite effectively. The so-
called matrix-dominated damage is based on the belief that the matrix material
requires less strain than the fibers to initiate damage. With the introduction of
SiC-reinforced Ti—matrix composites, this failure mechanism was more than ever
verified. It was suggested in [64] that the superior endurance of the SCS-6/Ti-
15-3 system is mainly controlled by the high fatigue limit of the SCS-6 fiber
(approximately 1300 MPa [65]), as compared to an average strength of 3800
[66] or 4500 MPa [27]).
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However, based on further observations, Johnson [57, 67] suggested that the
fatigue failure of a SCS-6/Ti-15-3 and SCS-6/Ti-6-4 uMMCs occurs in a self-
similar damage manner. This was supported by the similar endurance limit strains
of the fiber and the matrix, and scanning electron microscopy (SEM) examina-
tion of fatigue fracture surfaces, which revealed low-level or negligible fiber
pull-out (Fig. 6.11). Minimum fiber pull-out signifies fiber failure close to the
crack plane. Furthermore, since the fatigue limit (approximately 600 MPa for
the SCS-6/Ti-6-4 [68] and 650—700 MPa for the SCS-6/Ti-15-3 [69]) is signifi-
cantly lower than the yield stress, the matrix may nucleate fatigue cracks without
global yielding [70]. Johnson argued that since the strain at matrix fatigue limit
is close to the fiber failure strain, matrix and fibers should fail simultaneously.
Self-similar damage was also reported for boron/titanium uMMCs [71].

In 1991, subsequent studies of fatigue crack growth in SCS-6/Ti-15-3 and
SCS-6/Ti-6-4 composites [72] indicated that fatigue failure does not occur in a
self-similar damage manner because cracks were found to be bridged by intact
fibers. In the same work, cracks were found to initiate from several different
fabrication and manufacturing defects (broken fibers at edges, touching fibers,
voids at the interface, etc.).

Even though extensive research has been conducted on crack initiation and
growth of unnotched Ti-alloy-based MMCs [64, 68, 73, 74], most of the workers
have agreed that the issue is quite confused since it involves the understanding of
three basic parameters that could act individually as well as simultaneously. The
first observation concerns the ratio of the applied strain to the time-dependent

FIGURE 6.11 SEM micrograph showing minimum fiber pull-out due to fiber failure
close to crack plane for 32% SCS-6/Ti-15-3 [0]s tested at oy,ax = 600 MPa, R = 0.1. The
light gray area represents plasticity passage. (Photo taken from [69]).
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fracture strain of the interface especially at medium stress levels. The second
parameter is the tendency of the matrix material to initiate secondary cracks,
particularly at the center of the specimen. The last parameter is the ability of the
MMC to arrest these secondary cracks by constraining the crack micro-plasticity,
FCE, or by producing adequate FB, and stress relaxation during bridging and
debonding, respectively.

Furthermore, from experimental observations conducted on SCS-6/Ti-15-3
and SCS-6/Ti-6-4 smooth specimens (40% SCS-6/Ti-15-3 [0]¢, 35% SCS-6/Ti-
6-4 [0]s, 32% SCS-6/Ti-15-3 [0lg, and 32% SCS-6/Ti-6-4 [0]g [52, 68, 72]),
the fatigue damage behavior of both materials was classified into three distinct
regimes depending on the maximum applied stress level.

At high peak applied stresses (about 80% of the quoted tensile strength),
the fracture surface of the two types of SCS-6/Ti-15-3 materials were found to
exhibit a flat morphology, that is, most of the fiber breakages were found close
to the crack plane (no fiber pull-out). Fatigue damage was observed close to
the fiber—matrix interfaces with a random distribution throughout the specimen
(changes in the reaction layer thickness could develop stress concentrations [68]).
Small number of secondary cracks were observed, which suggests that fatigue
failure was mainly controlled by fiber breakage accumulation. Similar observa-
tions have been quoted for the two types of SCS-6/Ti-6-4 composites.

At medium stresses (40—80% of the tensile strength), the fracture surface of the
SCS-6/Ti-15-3 was reported as irregular (similar to a tensile fracture surface [72])
and composed of several relatively flat fatigue cracking regions that extend from
the specimen surface [72]. Significant fiber pull-out, with random distribution was
also detected (Fig. 6.12). Cracks were found to initiate from broken fibers and

FIGURE 6.12 SEM micrograph showing fiber pull-out for 32% SCS-6/Ti-15-3 [0]s
tested at opax = 960 MPa, R = 0.1. (Photo taken from [69]).
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interfaces, especially at the machined edges, while a large number of secondary
cracks was detected at the specimen center [73, 68]. For the SCS-6/Ti-6-4 both
reference sources confirmed a similar fracture surface to that of the SCS-6/Ti-
15-3. However, a small number of secondary cracks at the specimen center were
detected for the 32% SCS-6/Ti-6-4 [68] while no secondary cracking was found
for the 35% SCS-6/Ti-6-4 [72]. This disagreement was attributed to differences
on the reaction zone thickness (thicknesses of 1.7 and 2.43 pm were quoted
for the SCS-6/Ti-6-4 and SCS-6/Ti-15-3, respectively, in the as-fabricated condi-
tion [72]) and the interfacial shear strength [68]. Clearly, lower interfacial shear
strength increases the number of broken interfaces and thus the probability of
secondary cracking. Values of 124 MPa for the SCS-6/Ti-15-3 and 156 MPa for
the SCS-6/Ti-6-4 were quoted, respectively [44].

At lower stresses, when the applied strain level to the composite is lower
than the fracture strain of the interface, the fatigue damage pattern of the 35%
SCS-6/Ti-15-3 was reported to be limited by matrix crack initiation at the spec-
imen edges as a result of broken fibers due to machining while no secondary
matrix cracking from broken interfaces was observed [72]. Also, metallographic
inspection of the specimens revealed that after 10° cycles the fibers were still
intact and bridged the cracked matrix. The same fatigue damage pattern was
reported for the 40% SCS-6/Ti-6-4 [72]. However, in tests conducted on 32%
SCS-6/Ti-15-3 at 600 MPa, cracks were found to grow from the reaction layer in
the same manner as at higher stresses [68]. In the same work, cracks in the 32%
SCS-6/Ti-6-4 were observed to grow not only at edges but also from “warts” on
the fibers (see Fig. 6.13). Fiber warts were not observed in the SCS-6/Ti-15-3.

Cycling was found to degrade the tensile properties of both composites.
After 10° cycles fatigue testing, the elastic modulus and tensile strength of the

FIGURE 6.13 Warts on fiber in 32% SCS-6/Ti-6-4 [0]g. (Photo taken from [68]).
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35% SCS-6/Ti-15-3 were measured as 130 GPa and 1103 MPa, respectively,
compared to initial values of 210 GPa and 1572 MPa [72]. For the 40% SCS-
6/Ti-6-4 a similar degradation of the tensile strength was reported (postfatigue
value of 1034 MPa as compared to an initial value of 1572 MPa [72]). However,
cycling was found to produce lower degradation of the elastic modulus for the
SCS-6/Ti-6-4 composite (initial value of 213 GPa; fatigued value 193 GPa [72]).
Considering that for the same load history both materials have approximately
accumulated similar crack length, differences on the degradation of the elastic
modulus can only be explained by differences in the number of bridged fibers
that failed during cycling.

It should be noted that the above findings do not represent a universal picture
of the fatigue behavior of uMMCs for a number of reasons. The most critical are:

1. Most of the tests were conducted on strip or dogbone specimens. These
specimens, even after careful polishing at the edges to minimize the effect
of coarse finish, are vulnerable to additional crack initiation and therefore
may underestimate the true fatigue life of the material when compared to
traditional circular section specimens [68].

2. There is a minimum amount of data about the effect of load ratio [75, 76].

3. Control mode (strain-controlled or load-controlled), especially at different
stress ratios, shows in most of the cases an unpredictable behavior [75].

4. The material’s behavior under tension-compression loading cannot be fully
appreciated since their typical thickness is about 2.5 mm and therefore are
unable to withstand significant compression loads [75, 77].

6.4.2.4 Micromechanisms of Fatigue Crack Growth

A vital step to an efficient and safe damage design is the understanding of the
fatigue characteristics of uMMCs. Most of the fatigue fracture micromechanisms,
especially in Ti-based MMCs, include fiber failure ahead of the crack tip [74,
78], the propagation of the matrix crack under conditions of crack deflection at
fibers [8], matrix crack shielding by the fibers [7], crack bridging by unbroken
fibers [79-81], and fiber pull-out produced by broken fibers [82].

Fiber Failure Ahead of Crack Tip The issue of broken fibers ahead of the crack
tip in uMMCs has a significant engineering interest since it incorporates fatigue
damage with the residual strength of the material. In general fiber failure ahead of
the crack tip has to be initially distinguished into two categories: (a) fiber failure
prior to debonding and (b) fiber failure after debonding. To understand the idea
of fiber failure prior to debonding, let us define two possible damage scenarios.
The first scenario is that the normal stress sustained by a fiber close to the
crack tip is significantly increased by a single overload. In this case, depending
on the amount of the overload and the ability of the material to redistribute
stress through the interfacial shear stress, a number of successive fibers close
to crack tip may fail while others will experience severe debonding [69]. Both
events will provide a significant loss of strength. The second scenario is based on
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the presence of fiber warts. Generally fiber warts play the role of stress raisers
at the fiber without promoting interfacial debonding as in the case of broken
interfaces [68]. On the other hand, postdebonding fiber failure is likely to happen
due to stress concentration at the transition point between debonded and intact
interface. It should be noted that such an event is likely to happen at long crack
lengths where the operational life of the material is almost consumed [10]. This
event may exhibit notable fiber pull-out. All the above are graphically shown
in Fig. 6.14.

In general fiber fracture ahead of the crack tip could take place when the local
stresses exceed one of the following three failure criteria [8]:

1. The normal stress o, acting along the fiber exceeds the fracture strength of
the fiber. This case is of particular interest when the fiber matrix interface
is very strong and thus fiber failure is to be expected instead of interfacial
debonding. This is not the case for the SCS-6/Ti composite systems in
the as-fabricated condition (since the fiber attains a high value of Weibull
modulus and no stress concentrations are developed due to changes on the
reaction layer thickness). However, this mechanism may occur when the
material is highly heat treated [72]. The stress oy, is usually computed
using elastic crack tip stress fields:

K
Oy = —. (6.8)
27r

FIGURE 6.14 SEM micrograph showing fiber pull-out for 32% SCS-6/Ti-15-3 [0]g
tested at o = 800 MPa, R = 0.1. The black line represents final crack length. (Photo
taken from [69]).
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2. The normal stress o,, exceeds the axial debonding strength of the
fiber—matrix interface. In this case, the load carried by the interface is
transferred to the fiber before debonding is achieved, and so fiber failure
could take place.

3. Interface shear debonding occurs when the interface shear stress 1., exceeds
the interfacial shear strength. In this case, the shear load sustained by the
interface is transferred to the fiber. The change of the stress carried by the
fiber due to debonding is given as [83]:

Kyl (6.9)
Oy = —— T—, .
RN D

where T is the average shear strength of the interface, /; is the debond
length, and D is the fiber diameter.

It should be noted that Egs. 6.8 and 6.9 can be effectively used only in cases
where small-scale yielding conditions prevail.

Crack Deflection of Main Crack to Fiber—Matrix Interface The joining of
the main matrix crack with a preexisting interface crack leads to a kinked crack
deflected to propagate along the fiber—matrix interface. Crack deflection generally
reduces the mode I crack driving force, since the crack path is now deviated from
the direction of maximum tensile stress [8]. The mixed-mode solution proposed
by Cotterell and Rice [84] for a simply kinked crack subjected to a nominal K;
stress intensity factor in a monolithic material can also be used in the case of
MMCs [8]. Clearly, the corresponding stress intensity factor of a mixed-mode
crack is computed in terms of the individual local K tensors using the expression

Kip = (ki + 15", (6.10)
where ki, k, represent the local mode I and mode II stress intensities, respectively,

of a crack with a branch forming an angle 6 with the original direction of the
crack. The values of ki, ko are

5 (9
ki =cos’ | = ) Ky,
2
A , (0
ky=sin| = Jcos“| = | K;.
2 2

Deflection of the main crack in the direction of the interface was reported,
particularly for short crack lengths in the SCS-6/Ti-15-3 composite [64, 68].

(6.11)

Matrix Crack Shielding by Fibers Several analyses [8, 85] have revealed that
when a crack approaches a fiber or an elastic boundary stiffer than the medium
where the crack propagates, the crack tip opening displacement (at a given stress
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intensity) decreases as the crack tip comes closer to a fiber manifested by a larger
stress transferred from the matrix to the fiber (FCE). This is due to the con-
straint effect provided by the fibers on crack tip plasticity while the fiber—matrix
interface is unbroken. Detailed analysis is provided later.

Crack Bridging by Unbroken Fibers In fiber bridging modeling there are two
basic groups of models. Those based on a direct connection between FB and crack
propagation energy and those that are treating FB as a distinct phenomenon.

The first work to consider the steady-state cracking of matrix cracks in a
ceramic matrix composite during monotonic loading was published by Aveston
et al. in 1971 [86]. The model, also known as the ACK model, was based on the
determination of the matrix stress intensity factor, K,,, through a strain energy
balance before and after cracking. Using shear lag assumptions, and full crack
bridging, they determined that for conditions of steady-state cracking, the stress
intensity factor is independent of the crack length and is controlled only by the
transition zone between the crack tip and the onset of steady-state cracking. In
terms of the model the matrix is considered load free since the fibers support full
load. Additionally, in cases where the crack is partially bridged, the contribution
of the unbridged crack portion to the stress intensity factor is negligible.

In 1986 Budiansky et al. [87] suggested a new energy balance approach, sim-
ilar to the ACK analysis, to describe crack growth. In terms of the model, the
fibers are initially bonded, while debonding may be achieved by the passage of
the crack. Both the ACK and the Budiansky model are referred to as steady-state
fiber bridging (SSFB) models [88].

Another class of models was introduced in 1985 and 1987 by Marshall
et al. [81] and McCartney [89], respectively. These models combine continuum
fracture mechanics principles and micromechanics analysis to determine stress
intensity factor solutions for an arbitrary size matrix crack, subjected to
monotonic loading. According to these models (also known as generalized fiber-
bridging models, GFB [88]) the friction stresses developed by the intact fibers
within the matrix crack wake are idealized by an unknown uniform closure
pressure. The evaluation of the closure pressure in the GFB models is obtained
by combining crack opening displacement solutions from continuum fracture
mechanics and from micromechanics analysis. Even though the models differ
from each other in the methodology followed to relate those two issues, identical
steady-state solutions (as derived from the SSFB models [86, 87]) are used as
boundaries to characterize K,,. The formulation of the GFB models as applied
to fatigue loading was developed by McMeeking and Evans [90].

According to the GFB models, the restraining effect of the fiber causes a
reduction in both the crack surface displacements and the crack tip stresses.
Based on the Marshall, Cox, and Evans analysis (also known as MCE) [81], the
composite stress intensity factor is defined by superposition of the normal stress
intensity factor due to the remote stress on an unbridged crack and that due to
the friction stresses due to fiber bridging. Using micromechanics analysis, the
friction stresses were idealized as continuous, but with varying distributed crack



DAMAGE TOLERANCE 189

flank pressure. The friction or bridging stress in relation to the fiber stress is
given by
p(x) =os(x)Vy, (6.12)

where p(x) is the crack flank pressure, o s (x) is the fiber stress at a given distance
x from the crack mouth, and V/ is the fiber volume fraction. Equation 6.12 could
be considered valid only in cases where at least one fiber is positioned within
the crack.

The friction stress can be related to the stress intensity factor, Kgp, through a
modified Sneddon—Lowengrub equation [91]. The Sneddon—Lowengrub equation
describes in a convenient form cracks in infinite bodies, loaded by arbitrary crack
flank pressure distributions. In the case of a straight crack embedded in an infinite
medium, Ky, is written as [88]:

4 X
Kiip = \/7/ { JT=X2 _P)((z)} aX, (6.13)

where a represents the crack length, p(X) is the friction stress at X, X is the
normalized distance along the crack length defined as X = x/a, and o is the
remote stress.

To evaluate Eq. 6.13, friction stresses are related to the crack opening displace-
ment (COD) p(x) « +/u(x). Such direct relation is based on the assumption that
there is strain compatibility between the fiber and the matrix in the slip regime
while outside the slip regime the effect of the shear stress is negligible (Fig. 6.15).

Slip regime

FIGURE 6.15 Schematic representation of slip regime. Note that length of slip regime is
not constant, but it increases as crack propagates further and bridging fibers remain intact.
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According to MCE the closure pressure is given by:

(6.14)

u()V2EE. ]
R(l - Vf)Em '

p(x) =2[

where u(x) is the COD at x, T is the shear resistance of the interface, R is the
fiber radius, and Ey, E., E,, represent the elastic moduli of the fiber, composite
and matrix, respectively.

As an improved solution to the MCE closure pressure, the shear lag model
was further modified by McCartney [89] in order to make the model energetically
consistent. The MCE closure pressure was calculated as:

(6.15)

u)V2EEX ]
R(I— V;)2E2

p(x)=2[

Moreover, later numerical comparisons between the two models have revealed
that the crack opening displacement profile obtained by Eq. 6.15 is identical to
that obtained by Eq. 6.14 only if the shear resistance is reduced by a factor of
3.2 [79]. Additionally, the lack of a standard method for obtaining the correct
shear resistance (it was mentioned before that different methods could produce
great variations) urged Kantzos [92] to suggest an alternative solution [known as
the fiber pressure model (FPM)] for the determination of the closure pressure.
The closure pressure in FPM is assumed to be equal to the stress carried by the
fibers in the bridged region averaged out over the total bridged area (a — ag).
The problem of the shear stress parameter was overcome by suggesting

w6 wal0.5w —dg) = (x —an)] } ’ (6.16)

P _Gw{w—ao (w — ap)?
where w is the specimen width, ag and a are the initial notch length and total crack
length, and x is the distance to the bridged area measured from the free surface.

Even though most of the models described above do capture the essential
features of fatigue damage, that is, matrix cracking and fiber—matrix debonding,
there are several limitations to the ability of the models to predict the crack driv-
ing force: (a) the friction stresses are idealized as a continuum closure pressure;
(b) the one-dimensional micromechanical analysis used to relate COD and closure
pressure is based on the assumption that the fiber in the wake of the matrix crack
is far from the crack tip, and so any crack tip effect is negligible [88]; (c) the
complex and time-dependent conditions ahead of the crack tip are not mod-
eled (i.e., fiber failure, extensive debonding, and the corresponding differences in
composite fatigue resistance); (d) the models claimed to be applicable to situa-
tions in which cracks are long compared to the distance between two successive
fibers (interfiber spacing) and partially bridged [81]; and finally (e) high crack tip
plasticity coupled with crack tip—fiber interactions are difficult to reconcile with
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linear elastic fracture mechanics (LEFM), since matrix small-scale yielding and
homogeneous continuum mechanics principles are violated in composites [88].

To overcome similar problems, de los Rios et al. [4] suggested that the fatigue
crack growth in uMMCs should be addressed in terms of the crack tip opening
displacement (CTOD). The model, originally developed by Navarro and de los
Rios [93], implements the representation of the crack and its plastic zone by
means of dislocations subjected to an applied stress o, as first developed by
Bilby et al. [47] in 1963 for monolithic materials. In its original form, the model
considers infinitesimal dislocations distributed within two regions or zones, one
for the crack itself and the other for the plastic zone. In 1995 [4], the model was
extended further by considering a third zone to represent cases where the plastic
zone is blocked by grain boundaries (this is common for short cracks). Such an
approach was argued to be more realistic in physical terms since in the two-zone
system an infinite stress level is sustained by the grain boundary. In terms of the
three-zone system, also known as three-zone micromechanical model (TZMM),
the plastic zone size (slip band ahead of the crack tip) is blocked by the grain
boundary and remains blocked until the stress in the third zone, that is, the grain
boundary, attains the required critical level for dislocations to cross this zone.
Adapting the same system for a uMMC, the three zones of the crack system are:
(a) the crack, (b) the plastic zone, and (c) the plastic constrained zone at the fiber
(Fig. 6.16).

G3/c

o(c)/o

0,/C

% %
CRACK PLASTIC ZONE
CONSTRAIN
ZONE

FIGURE 6.16 Three-zone system according to de los Rios et al. [4].
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The advantages of such representation are: (a) the model considers plastic
displacements throughout the crack system and so the near-tip plasticity effects
are included; (b) the model can be effectively applied for short and long cracks;
(c) the model accounts also for high crack tip plasticity (large-scale yielding),
since it is based on elastoplastic principles; and (d) the friction stresses in the
crack wake are not idealized as a continuum closure pressure but as point loads
(can apply also for minimal degrees of anisotropy).

In terms of the model (Fig. 6.17), the fiber diameter is represented by d, the
interfiber spacing by D, and the crack length by 2a. Considering only the positive
half of the crack system, the crack tip is at a, the front of the fiber atiD/2 — d /2,
and the back of the fiber at i D/2 4 d /2 = c. In terms of dimensionless coordinate
system x/c = ¢, the crack tip is at ny, the fiber front at n,, and the fiber back
is at 1. The factor i represents the number of half fiber spacings in the crack
system, that is, i =1, 3,5, ...

In the case where the crack is subjected to an applied stress ¢ in mode I, the
stresses in each zone are: (a) oy in the crack zone (friction stress due to fiber
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FIGURE 6.17 Schematic representation of crack system. Crack length is denoted by
2a, the fiber diameter by d and the fiber spacing by D. Considering only the posi-
tive coordinates side, crack tip is positioned at a, the plastic zone extends to the next
fiber ahead of the crack tip at iD/2 —d/2 and the fiber plastic constrained zone at
iD/24d/2=c,i =1,3,5... Dimensionless coordinate { describes position through-
out, in particular, { = n; at the crack tip, { = n, at the plastic zone, and ¢ = 1 at the end
of fiber.
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bridging), (b) o, is the flow response in the plastic zone (resistance to plastic
deformation), and (c) o3 in the fiber zone ahead of the plastic zone (constraint
effect provided by the fiber to matrix microplasticity). A typical stress distribution
along the crack system is shown in Fig. 6.16. The stress o, is considered zero for
a nonbridged crack and nonzero for a bridged crack. The plastic zone is assumed
to be blocked by the fibers, which impedes any matrix plastic displacement at the
fibers. The effect of this constraint is the development of stress o3 in the matrix
between the fibers of a row, which on achieving a critical value, resolved along
the fiber—matrix interface, will cause debonding.

The solution of the equilibrium equation of all the forces, internal and external,
acting in the three-zone system, was obtained by Navarro and de los Rios [85,
93] and gives the expressions for the COD = ¢ over the entire crack system, and
for the stress o3. These are as follows:

1 —nig, )
ny—=G

>:| — (02 —0oy) |:(§a —ny)cosh™! (

b
¢ = COD = nz—cA {(02 — o) [(cb — 1) cosh™ (

I +ni8
ny+7g

1_nICa
ny—G,

— (g, +ny) cosh™ <’

)

— (¢ +ny) cosh™ (' Lt )] + (03 — 02) [(Cb — ny) cosh™! ( 1=mb )
— (& + n2) cosh™ ( L >] — (03 —02) [(Ca — ny) cosh™ ( 1-mats )
ny 4+ n —

1
—(8q + nz) cosh™ ( Lt )“ (6.17)
ny +Ca
.1 .1 p
03 = | {(02—01)51n ny — o, sin n2+—0}, (6.18)
cos~ I n, 2

where b is the Burgers vector, A = Gb/2m for screw dislocations, or A =
Gb/2n(1 —v,,) for edge dislocations, G, v, are the shear modulus and the
Poisson’s ratio of the matrix, respectively, and o is the applied stress.

If crack growth is considered to be a function of the CTOD, ¢,, through a
Paris-type relationship, then Eq. 6.17 determines da/dN when¢, = ny,§, = 1 [n;
represents a dimensionless measurement of crack length, i.e., ny =a/(iD/2 +
d/2)]. In addition, Eq. 6.18 establishes the condition for crack propagation across
the fiber row when the axial stress o3 acting around the fiber is equal to the stress
required for debonding, o3,. Clearly, o3 = 03,5 acknowledges the condition when
the clamping stress provided by the fibers to plastic displacements within the
plastic zone are removed, since no or minimum interfacial shear stress is acting
along the debond length.

Assuming that debonding is not a continuous process (propagation of a bima-
terial interface crack), then the stress at the fiber zone required to debond a
particular fiber length could be written as:

Od Ec

_ Jdfe 6.19
034 E; (6.19)
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where o, is the tensile stress at the fiber required to debond a particular embedded
fiber length, E. and E; are the elastic moduli of the composite and the fiber,
respectively.

Equation 6.19 is obtained by considering a simple force balance in a fiber
push-out test and strain compatibility between the fiber and the composite in
the fiber zone. If the interfacial shear strength is taken as constant along the
fiber—matrix interface and the shear-lag analysis is utilized, the stress applied at
the fiber to cause debonding is obtained as:

4+l
04 = R (6.20)
where [ is the embedded fiber length, d is the fiber diameter, and t is the interfa-
cial shear strength. Published results in the literature indicate values for interfacial
shear strength of SCS-6/Ti-15-3 and SCS-6/Ti-6-4 in the range of 124—148 MPa
and 138-156 MPa [31, 94]. Furthermore, experiments have shown that the inter-
facial shear strength increases for longer embedded fiber length or thicker speci-
mens and gradually approaches a constant value for fiber lengths approximately
4-5 times the fiber diameter (d = 140 wm for the Textron SCS-6 [95]) [46].
Nevertheless, Eq. 6.19 is limited by the composite ultimate tensile strength for
debonding to be achieved before fiber failure. Such a premise can be considered
as the distinction between a strong and a weak interface bond.

To determine the flow response of the composite is a difficult task. This is
due to uncertainties raised by the presence and contribution of the fiber within
the plastic zone [69]. At short crack lengths, close to the interfiber spacing, it
is rational to assume that the crack tip plastic zone is fiber free and hence the
flow response of the uMMC is matrix flow dependent. However, as the crack
length increases, the possibility of having a number of fibers within the plastic
zone is strong and rational. A better understanding of the way fibers are entering
the plastic zone is provided by the following steps, recognized by the TZMM.
The condition for crack propagation is achieved as follows: with the crack tip
positioned between two fibers as shown in Fig. 6.17, the level of the stress o3
is given by Eq. 6.18. On further crack growth the level of o3 increases due to
the increase in n’1 until o3 attains the value for debonding, derived by Eq. 6.19.
This is happening at a critical crack length defined by n/°. The value of n° and,
therefore, the crack tip position at the critical point, is obtained by substituting
Eq. 6.19 into Eq. 6.18 and solving for "ir At this point the crack tip plasticity
constraining effect of the fiber is overcome since the plasticity is now allowed
to pass around the fiber and become constrained once again by the next fiber.
This behavior, which is in direct agreement with work published by Schulte and
Minoshima [7], justifies that the major factor controlling the fatigue resistance of
the material, especially at short crack lengths, is the plasticity constraining effect
(PCE). The above are schematically shown in Fig. 6.18.

Undoubtedly, an accurate application of Eq. 6.18 requires a sound determi-
nation of the composite flow stress. If we considered that the crack is long
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FIGURE 6.18 Conditions for crack propagation. At (a) the crack tip plastic zone con-
tacts the high stiffness fiber. As the crack propagates further, the plastic zone is squeezed
between the crack tip and the intact fiber (b). As a result a tensile stress is starting to
build up around the fiber (constrain effect). When constrain effect has become sufficient
to initiate debonding (c), the plastic flow propagates round the fiber and the constrain
effect relaxes (d).

enough to contain fibers, then the flow response ahead of the crack tip would
be controlled by the matrix yield stress and by the high stiffness phase. Such
collaboration is justifiable by examining stress—strain curves of the constituent
materials, (Fig. 6.19).

The fact that similar behavior to that shown in Fig. 6.19 has been observed
in most uMMCs convinced many workers to accept that an isostrain condition
between the fiber and the matrix within the plastic zone is somehow justifi-
able [48, 96, 97]. Based on the above, the flow response of the uMMC can be
written as [96]:

!
ym

02 = Z"E;Vy 40, (1= V). 6.21)
m

Assuming that debonding is always achieved before fiber failure, the crack
propagates through the matrix without breaking the fibers. Subsequently, intact
fibers located behind the crack tip slide in relation to the matrix, producing
friction (bridging) stresses o, which reduce the crack driving force and improve
the fatigue resistance of the MMC. The friction stress at each bridged fiber row
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FIGURE 6.19 Typical stress—strain response of the uMMC constituent material. Yield-
ing response of matrix also defines yielding response of composite.

in the crack zone is calculated as follows [48]:

COD G

— i (6.22)
(ls + COD)Ny

01

where Ny is the number of fibers per row, [ is the sliding distance, and G
represents the matrix shear modulus. Equation 6.22 is obtained considering dis-
placement (strain) compatibility between the fiber and the matrix at the interface
(Fig. 6.20). Additionally, Eq. 6.22 acknowledges that all the fibers in the same
row are subjected to an equal strain.

An expression for the sliding distance, I, is given in [98]

COD V,,E,E ;d
I, =2, | —— mem I (6.23)

4tE,

where E. is the Young’s modulus of the composite (calculated by the rule of mix-
tures), V,, is the volume fraction of the matrix, and Tt is the interfacial shear stress.

Since the COD depends on the value of o, a numerical iterative method is
required for the calculation of o;. Initially a o; = 0 value is adopted, and then
an interim value of o is calculated. The iterations are repeated until there is
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of fibers of a given strength distribution and a particular gage length and fiber
diameter is calculated by the Weibull function for average strength and is written

as [100, 101]:
L\ /" 1
G5 = Go <—> r <ﬂ) , (6.25)
d m

where m is the Weibull modulus, L is the gage length, oy is the average fiber
strength, o is the normalizing factor, and I' is a tabulated gamma function. A
typical behavior of the most commonly used Textron SCS-6 fiber is given in
Fig. 6.21.

The length L over which possible fiber failure should be expected is the slid-
ing distance given by Eq. 6.23. In this region, shear tractions are developed at the
fiber ends, allowing stress to be transferred from the matrix to the fibers. Such
behavior, increases the probability of failure within the sliding distance, while
outside of this region fiber strength can be considered invulnerable. Additionally,
the matrix plastic displacement, COD, at the fiber, should also be considered in
the sliding distance calculations. Even though the COD region is characterized by
the absence of interfacial shear stress and consequently defines a different statis-
tical environment, for simplicity reasons, it is assumed that the interfacial shear
stress T is also acting along the COD (COD very small compared to /). Thus, the
average strength of the debonded fibers in the sliding region can be evaluated by
considering a gage length equal to a sliding distance, L = [; + COD,, (COD,,
defines the critical displacement at the time of fiber failure). The evaluation
of the COD,, in respect to typical strength data provided by the manufacturer is
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FIGURE 6.21 Average strength of SCS-6 fiber for several values of Weibull modulus.
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achieved by employing the Masson and Bourgain [101] estimation of the Weibull
probability:
L | 1/m

— 6.26
I , (6.26)

021, = O1L,

where o1, 021, are the average strengths at a given failure probability for gage
lengths L; and L, respectively. Assuming that o = oy, where oy is the fiber
fracture strength, and applying an iterative method between Eqgs. 6.22— 6.26, the
critical COD necessary to fracture the fibers, is derived as a function of the
Weibull modulus m (Fig. 6.22).

The above methodology makes clear that: (a) the interfacial shear strength and
the debonding process, consequently, is responsible for the existence of bridging
fibers; (b) the effectiveness of fiber bridging is controlled by the matrix material
(G) and the strength of the fiber, and (c) the bridging life of each fiber row
decreases for longer crack lengths (COD — o0).

6.4.3 Damage-Tolerant Design

Accurate knowledge of the size of a crack in a structure and its propagation rate as
a function of the applied stress—strain field are the major ingredients for a fatigue
damage-tolerant approach (FDTA). FDTA has been originally developed by the
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FIGURE 6.22 Schematic representation of radial cracks emanating from fiber breaks
due to residual stresses.
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airframe industry to ensure local failure within fail-safe boundaries previously
established through failure analysis techniques. In this sense, linear elastic fracture
mechanics (LEFM) is used to relate crack size with nondestructive and fracture
surface observations in order to estimate load history and typical service life.
Thus, the application of fracture mechanics methods as part of damage-tolerant
assessment involves the consideration of four parameters: (a) initial cracks (aj,);
(b) threshold stress intensity factor for crack propagation (Ky,); (c) the final crack
length (ar); and (d) the crack growth rate (da/dN). Typical FDTA techniques can
be found elsewhere [102, 103].

6.4.3.1 Initial Cracks

Effect of Residual Stresses One of the main factors affecting the perfor-
mance of uMMC:s is the development of residual stresses during manufacturing.
These stresses, which arise from the difference in the thermal expansion coeffi-
cients (CTE) between the metallic matrix and the fiber, may be responsible for
the presence of radial cracks observed in the as-received condition [104, 105]
(Fig. 6.22).

In most uMMCs, the matrix CTE, o,,, exceeds that of the fiber, a, thus, after
cooling from the processing temperature, the matrix is subjected to an axial tensile
stress o],. Large matrix tensile stresses may induce premature crack initiation,
especially in the presence of external loading [68]. The residual thermal stresses
in the matrix can be evaluated as [104]:

. ViE.E; Aa AT
0, = E. ,

Aa=a, —ay, (6.27)

where AT is the effective temperature range. It should be noted that residual
stresses developed during the fabrication process at absolute temperatures greater
than half of the melting point of the matrix, are not considered as a result of the
matrix stress relaxation due to creep or viscoplastic flow [62]. Furthermore, when
the matrix contracts more than the fiber Aa > 0, as in the case of a single long
fiber embedded in an infinite matrix, the matrix is placed in hoop tension, which
can be simulated by Lamé distribution [106]:

1 R\’
% = 50, (—) : (6.28)

X

where R is the fiber radius and x is the distance from the fiber center. Equation 6.28
proclaims that the maximum stress due to the relaxation of the residual stresses is
situated at the broken fiber radius, x = R. Furthermore, Eq. 6.28 can be expressed
in terms of stress intensity factor by including the geometric features of broken
fibers at the edge and the projected length of an initial crack:

K = Yo /mai,. (6.29)

Generally, maximum matrix cracking as a result of residual stress relaxation
is expected in the case of broken fibers (due to machining). To encounter the
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effect of such geometric discontinuities, elastic stress concentration formulas are
usually used. Considering a semicircular corner crack configuration to represent
the geometry of a broken fiber, Eq. 6.28 can be written as [107]:

e 1 . (R
O, = ;O’M ; (6303)
or in terms of stress intensity factor as:
.1 (RY\
K, = —o, | — ) /7ain, (6.30b)
s din

where x = ay, represents the statistical average of the projected area of defects
on a plane normal to the maximum o), . To evaluate a;,, the right part of Eq. 6.30
is set to be equal to the matrix fracture toughness, K. Typical results of such
methodology can be found in Fig. 6.23.

Even though the size of the radial cracks is small compared to the size of a
broken fiber, at short crack lengths such cracks could make a difference in terms
of crack arrest, as shown later [10, 11]. It should be noted that the above repre-
sents a typical practice for the evaluation of radial cracks. For a more thorough
evaluation residual stress interactions, with neighboring broken or not fibers,
should also be considered.

Effect of Manufacturing Defects Many workers [68, 108] have observed that
manufacturing defects in uMMCs are characterized by varying sizes and types.
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FIGURE 6.23 Effect of fiber volume fraction on radial cracks for SCS-6/Ti-15-3 uMMC.
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€) (b) (o) (d)

FIGURE 6.24 Typical sources of initial crack like defects for SCS-6/Ti-15-3 uMMC:
(a) Fiber warts, (b) voids at interface, (c¢) broken fibers at edges, (d) touching fibers.
(Photos taken from [68]).

From a structural point of view, those favorable to initiate fatigue cracks are:
(a) broken fibers at the edges (damaged during machining), (b) voids in the inter-
face, (c) broken reaction layers, (d) warts on the fibers, and (e) fiber touching
(Fig. 6.24).

In general, manufacturing defects in uMMCs are divided into two categories,
the surface defects and the through-thickness defects. Undoubtedly, surface defects
(broken fibers and touching fibers) can be easily identified by microscopic inspec-
tion after minimum surface preparation. The number of broken fibers per surface
unit (the surface unit consists of a rectangle with fiber centers at the corners) can
provide useful information regarding the uniformity and concentration of such
defects, (Fig. 6.24d). On the other hand, to reveal through-thickness defects (fiber
warts, voids, etc.) careful surface etching until the fiber layer should be employed.
The quantification of such defects, due to the lack of a specific recommendation,
is subjected to personal assessment. In [69], however, it was suggested that the
number of voids per critical fiber length could provide some severity indication of
these defects.

Undoubtedly, surface defects are in direct connection to the fatigue endurance
of the material. This is because broken fibers at edges, touching fibers, and most
importantly their combinations could host significant stress concentrations. Such
concentrations are represented by circular, semicircular, or quarter-elliptical shape
notches [109, 110].

6.4.3.2 Threshold Stress Intensity Factor
In ductile monolithic materials the transition of a short crack or cracklike defect
into a catastrophic fatigue crack is related to a boundary condition known as:
(a) fatigue limit or (b) threshold stress intensity factor, Ky,, [111, 112]. In brief,
the Ky, boundary represents crack tip strain conditions able to create plasticity
damage at some certain distance ahead of the crack tip.

In uMMCs, the evaluation of a similar boundary condition is a puzzling task
due to the number of parameters involved in the fatigue damage process. During
the early stages of research, many workers supported the idea that crack arrest in
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MMC:s can be defined in a way similar to crack arrest in monolithic material [54,
58]. In detail, they assumed that when the crack growth rate is approximately
10~% mm/cycle and no crack progression is detected for at least 107 cycles, then
conditions of crack arrest prevail. Undoubtedly, such empirical approach is not
able to provide numerical solutions and consequently information for design. In
1996, de los Rios et al. [96] published a work where crack arrest (threshold) is
achieved when the crack strain conditions cannot overcome the FCE and there-
fore cannot propagate plasticity. In other words, if the crack cannot develop the
required shear stresses at the interface to initiate debonding, crack arrest con-
ditions should be assumed. These hypothetical conditions for crack arrest are
shown in Fig. 6.25.

In terms of mathematical modeling, crack arrest is achieved when two bound-
ary conditions are met: (a) the crack contacts the fiber (negligible plasticity) and
(b) the shear stress at the interface is still lower than the interfacial shear strength.
According to Fig. 6.17, the above boundary conditions can be written as:

n=n,~x1,
which proclaims that the crack tip plasticity is minimum, and

03 < 034,

Crack  Plastic Zone

N

I

(a) (b)

Plastic Zone

Crack Crack

(c) (d)

FIGURE 6.25 Conditions for crack arrest. (a) FCE starts instance plastic zone contacts
the fiber. (b) and (c) Further propagation of crack against fiber results into plastic zone
condensation and higher shear stresses at interface. (d) Crack arrest.
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which proclaims that the developed shear stress at the interface is lower than
the interfacial shear strength. Since n; = ny &~ 1, then sin"'ny; ~sinTlny & 1
and cos™! ny ~ +/24/d/(a + d + aiy). Using these approximations into Eq. 6.18,
the maximum allowed applied stress, which would still lead to crack arrest of a
particular crack length, a, yields

272 d
o 03 a+d+a,~n+cl (6.31)

where o3, is given by Eq. 6.19 and ai, represents defect or notch size.

Equation 6.31, shown in Fig. 6.26, represents a theoretical Kitagawa—Takahashi
(KT) curve for the uMMCs. However, in contrast to the monolithic materials where
the true fatigue limit is the highest stress level, which is unable to transform a
fatigue flaw into a fatigue crack, in uMMC:s the true fatigue limit corresponds to
the inability of an already established fatigue crack to propagate beyond one or
more fiber rows. The accuracy of Eq. 6.31, considering o; = 0, can be seen in
Fig. 6.27.
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FIGURE 6.26 Crack arrest curve for 32% SCS-6/Ti-15-3 uMMC. For calculations values
of 034 = 1173 MPa, a;, = 140 pm and d = 140 pm were used. Negligible bridging stress
was considered. Such simplification is reinforced from fact that small cracks are expected
to be arrested by first or second fiber row. Consequently, contribution of bridging stress is
expected to be negligible or minimum.
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FIGURE 6.27 Comparison between experimental and predicted crack arrest for SCS-6/
Ti-15-3. Curve has been created by considering Vy = 39%.

Equation 6.31 in terms of stress intensity factor can be written as:

x 242 nda
= O .
th - 3d a+d+an

(6.32)

where Ky, is the threshold stress intensity factor for MMCs. In Eq. 6.32 the effect
of the closure stress o, is disregarded. In Fig. 6.28 the effect of different values
of fiber volume fraction on Ky, is presented.

From Fig. 6.28 it is clear that, for cracks of approximately 1 mm of length,
the value of Ky, asymptotically tends to a constant value. This distinction could
represent a transition between a short and a long crack. At this stage we have to
make clear that optimization of the crack arrest capacity of the uMMC through
034(Vy) is limited by the ultimate tensile strength of the material and the desired
transverse properties.

6.4.3.3 Final Crack Length

It is still debatable whether uMMCs fail due to conditions of fracture tough-
ness or conditions of general yielding. This is basically because the contri-
bution of the toughening mechanisms in a fiber-reinforced composite, namely
interfacial debonding, fiber bridging, and fiber pull-out, decreases with loading
cycles [9, 11]. Additionally, the possibility for an accurate analytical determina-
tion of the fracture toughness is getting even thinner if we take into account that
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FIGURE 6.28 Predicted threshold stress intensity factor for SCS-6/Ti-15-3.

long cracks can cause failure of the fibers within the plastic zone. Fiber failure
at lengths smaller than the critical will result into an immediate reduction of the
flow resistance of the material. In [11] it was proposed that the fatigue failure
of uMMC:s is following a hybrid pattern, constituted by both failure conditions.
In the same work it was suggested that as the crack propagates further the sig-
nificance of the FCE becomes less vital. In other words, there is a particular
crack length that could claim the simultaneous debonding of two successive fiber
rows [113]. The so-called FCE degradation could deteriorate further to include
the simultaneous debonding of a larger number of fiber rows. If a large number
of fibers ahead of the crack tip is debonded, the FCE becomes minimum and
therefore the crack tip plasticity could follow an unconditional propagation. The
term unconditional denotes spread of plasticity controlled only by the material’s
flow resistance. Maximum spread of plasticity and consequently maximum crack
tip opening displacement (CTOD — max), will result into fast propagation of
the crack and the consequent failure of the fibers ahead of the crack tip.
Considering that at the time of crack instability the crack system is still under
equilibrium of the stresses, Eq. 6.18 can be used. In terms of the TZMM maxi-
mum plasticity is modeled by assuming n, — 1. This boundary condition yields

sin'n, = = (6.33a)

/ d
B RS e — 6.33b
cos ln, ardia ( )

and
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Using the above approximations, Eq. 6.18 yields

0y — o) sin'ny — Zoy — o2 —2 4 Xs . (6.34)
2 +d+a,,, 2°

Solving for ny, Eq. 6.34 becomes

oA d b4
hd > =
202+03d[ a+d+a, 2°

ny = ) (6.35)
0 — O]

Since iD/2 + d/2 — oo, then ny — 0 and thus the stress for crack instability
for a given crack length is given by rearranging Eq. 6.35:

232 d
ins — 3 5 6.36
° T O3d a—l—d—i—ain+02 ( )

Or, by employing Eq. 6.21:

2V2 d . T
Ojns = o e
ins - 3d a+d+ ain Em

E;V+ G’ym(l — Vf)] . (6.37)

Realistically, o, in Eq. 6.36 represents a time-dependent parameter. This is due
to the fact that the flow resistance of the material ahead of the crack tip could
take significantly high and significantly low values during crack propagation. In
fact, when the plastic zone is small, the contribution of the fibers is negligible
and therefore o, = cg,m. Larger plastic zones, on the other hand, especially those
corresponding to cracks above the crack arrest curve (Fig. 6.26), the contribution
of the fibers is significant and Eq. 6.21 should be employed. Such representation
of the flow resistance will remain the same until the crack is long enough to
claim fiber failure within the plastic zone. In this case the effective V, will
start to decrease. The decrease will continue, probably following an asymptotic
descent, until the fiber reaches a length smaller than its critical value. At this
stage, the V]?ff should be taken as negligible and the flow resistance equal to
o), (1 — Vy). Equation 6.36 also makes clear that if all fibers ahead of the crack
tip are fractured, then 03, — 0, and instability will occur due to Gjps = 0, (1 —
Vy), which signifies conditions of general yielding [47]. Figure 6.29 shows a
typical crack instability curve.

6.4.3.4 Crack Growth Rate

Undoubtedly, there is still uncertainty regarding the accurate modeling of fatigue
crack growth. This is basically because uMMCs behave in a most complicated
manner as a result of their time-dependent fracture toughening mechanisms.
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FIGURE 6.29 Crack instability curve for 32% SCS-6/Ti-15-3. Value of G;m = 556 MPa
was used.

These complications urged engineers to suggest that accurate modeling using
the models presented in Section 6.4.2, is possible only within specific limits
that could secure the steady behavior of the toughening mechanisms [69, 96].
Such limitation reflects the incapacity of current fatigue modeling methodologies
(LEFM, EPFM) to cope with: (a) fiber failure ahead of the crack tip (degradation
of FB), (b) degradation of FCE, and (c) degradation of flow resistance.

In 1996, de los Rios et al. [96] published a work where the TZMM was quoted
to operate extremely accurately until a specific crack length. The so-called onset
of unsteady crack growth has been previously observed from fatigue experiments
conducted in plane and notched SCS-6/Ti-15-3 uMMC specimens [51, 69, 92,
114]. Those experiments showed a distinct change in the slope of the fatigue
crack growth rate (Fig. 6.30). The fact that this change takes place well before the
final failure of the specimen urged the researchers to assume that such behavior
is dominated by fiber failure in the crack wake and not ahead of the crack
tip. Ibbotson et al. [51] concluded that this change may mark the initiation of
an unstable crack growth. Similar, hypothesis has been upheld by de los Rios
et al. [96].

In [11], it was suggested that negligible closure stress and substantial crack
length could signify a hypothetical lower bound for fatigue failure (or a typical
bound of the operational life of the material). In [10] it was reported that the
onset of FB degradation can be predicted by assuming that the COD close to
crack tip is equal to the COD,, (Fig. 6.31) and employing a modified version of
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FIGURE 6.30 Crack length vs. loading cycles of 32% SCS-6/Ti-15-3 loaded at oy, =
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FIGURE 6.31 If COD at distance x = a — d is equal to CODy,, failure of all bridging
fibers could be assumed.

the crack-opening solution given by Tada et al. [115]:

4o, 2912 (X
COD = Zla” = "]F (5) (6.38)

c

where

X X X 2 X 3
F (—) — 1.454 — 0.727 (—) +0618 (—) —0.224 (—) .
a a a a
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FIGURE 6.32 Fiber-bridging degradation curve for 32% SCS-6/Ti-15-3.

If the COD close to crack tip is equal to the COD,,, it is then rational to
assume that all the fibers within the crack wake have failed. A predicted lower
bound for fatigue failure is presented in Fig. 6.32.

Figure 6.32 provides the so-called unsteady crack growth behavior of the
material. Within the limits of the curve the material is expected to behave in
a constant manner since the toughening mechanisms are exhibiting limited and
therefore predictable fluctuations. Above the curve, values of FB will start to
appear significantly degraded pinpointing the onset of unsteady crack growth. The
phenomenal great difference between Fig. 6.29 and 6.32 becomes less significant
if we considered that experiments have shown that such difference represents only
15-20% of the total life of the material at most stress levels [69]. It is therefore
justifiable, in terms of safety, to accept values of final crack length defined by
the FB degradation.
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7.1 INTRODUCTION

To fully appreciate the corrosion challenges of the new millennium, one has to
learn from the innovations made in the nickel alloy metallurgy of the past century.
In the twenty first century, as was the case in the last century, within the various
industries, after carbon steel, the 300 series stainless steels will continue to be
the “most widely used tonnage” material. Other corrosion mitigation technologies
such as electrochemical protection, nonmetallics, coatings, and paints and use of
inhibitor technology will also play a major role. The materials of construction
for these modern chemical process, petrochemical industries, and other industries
not only have to resist uniform corrosion caused by various corrodents but must
also have sufficient localized corrosion and stress corrosion cracking resistance
as well. These industries have to cope with both the technical and commercial
challenges of rigid environmental regulations, the need to increase production
efficiency by utilizing higher temperatures and pressures, and more corrosive
catalysts, and at the same time possess the necessary versatility to handle varied
feedstock and upset conditions. Even though nickel as an element was discovered
about 250 years ago, the first major nickel alloy introduced to the industry, about
100 years ago, was a Ni—Cu alloy 400. This alloy is still being widely used
in a variety of industries and will continue to be used in this current century.
Over the past 100 years, specially in the last 50 years, improvements in alloy
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TABLE 7.1 Chronology of Historical Development of Some Austenitic
Corrosion-Resistant Alloys

Decade Alloys

Pre-1950s 300 SS, 200, 400, 600, alloys B & C

1950s 20Cb, 800, 825, alloy F, alloy X

1960s 300L series SS, 20Cb3, 904L, Al-6X alloy 700, 625, G, C-276
1970s 317LM, 254SMo, 28, G-3, C-4, B-2

1980s A16XN, N06030, 22, 59, 1925hMo, 31

1990s Controlled chemistry alloy B-2, B-3, B-4, B-10, 686, 2000, 33

metallurgy, melting technology, and thermomechanical processing, along with a
better fundamental understanding of the role of various alloying elements, has
led to new nickel alloys. These have not only extended the range of usefulness of
existing alloys by overcoming their limitations but are reliable and cost-effective
and have opened new areas of applications. This chapter briefly describes the
various nickel alloy systems developed and in use during the last 100 years with
comments as to what the future holds for the newer alloys developed in the
last 20 years and the competition faced by these alloys in the new millennium.
Table 7.1 gives the chronology of various aqueous corrosion alloys developed in
the pre-1950 and post-1950 era. Prior to the 1950s the alloy choices available to
material engineers for combating corrosion were very limited. The latter half of
this century saw a phenomenal growth in the development of new nickel alloys,
including the high-performance Ni-Cr—Mo C family alloys. As is evident from
this listing of austenitic alloys, today’s corrosion/material engineers have a much
wider selection of alloys to meet their specific needs.

Some of the alloys are very recent, developed after the 1980s, whereas some
date clearly back to the beginning of the twentieth century. New alloys and
refinements of old ones are continually being developed. Typical composition of
some of the common wrought nickel alloys of various alloy systems are given
at the beginning of individual alloy sections, as described later.

Different from the aqueous corrosion alloys are a class of alloys known
as “superalloys,” which are intended for elevated temperature service, usually
based on periodic table Group VIIIA elements, where relatively severe mechan-
ical stressing is encountered and where high surface stability to various high-
temperature modes of degradation is needed. The superalloys are divided into
three classes: nickel base, cobalt base, and iron base, and these are utilized at a
higher proportion of their actual melting point than any other class of commercial
metallurgical materials. This chapter will not delve into the superalloys but direct
the reader to many excellent books and articles in the open literature [1-5].

7.2 NICKEL AND NICKEL ALLOY SYSTEMS

Nickel and nickel alloys have useful resistance to a wide variety of corrosive
environments, typically encountered in various industrial processes such as in
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chemical processing, petrochemical processing, aerospace engineering, power
generation and energy conversion, thermal processing and heat treatment industry,
oil and gas production, pollution control and waste processing, marine engineer-
ing, pulp and paper industry, agrichemicals, industrial and domestic heating, the
electronics and telecommunication industries, and others. In many instances the
corrosive conditions are too severe to be handled by other commercially available
materials including stainless and super stainless steels. Nickel by itself is a very
versatile corrosion-resistant metal, finding many useful applications in industry.
More importantly, its metallurgical compatibility over a considerable composition
range with a number of other metals as alloying elements has become the basis for
many binary, ternary, and other complex nickel base alloy systems, having very
unique and specific corrosion-resistant and high-temperature resistant properties
to handle the modern day corrosive environments. These alloys are more expen-
sive than the standard 300 series stainless steels due to their higher alloy content
and hence are only used when stainless steels are not suitable or when product
purity cannot be compromised and safety considerations became very important.
The subject of corrosion is highly complex and is dependent on the chemical com-
position, the microstructural features of the alloy, the various reactions occurring
at the alloy/environment interface, and the chemical nature of the environment.

This chapter will mainly concentrate on the aqueous corrosion alloy systems,
with a brief description of high-temperature alloys. The intent of this chapter
is not to go into the theoretical discussion and analysis of corrosion science
but to present the major nickel alloy systems, their major characteristics, the
effects of alloying elements, and, most importantly, the strengths, weaknesses,
and application of these alloy systems in the industry. A few words on fabrication
are also included because an improper fabrication may destroy the corrosion
resistance of an otherwise perfectly good nickel alloy.

7.3 AQUEOUS CORROSION

There are various forms of corrosion that can be classified into different cate-
gories. Although these differ in nature, they are also interrelated. These are:

e Uniform or general corrosion

e Galvanic corrosion

e Localized corrosion (pitting, crevice, or underdeposit corrosion)
o Inter granular corrosion

e Environmentally assisted cracking (hydrogen embrittlement, chloride stress
corrosion cracking, sulfide stress cracking, corrosion fatigue, liquid metal
embrittlement)

e Selective leaching
e Erosion corrosion

A detailed description of these are adequately covered in the open literature [6—8].
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TABLE 7.2 Alloying Elements in Aqueous Corrosion-Resistant Nickel Alloys

Alloying Other Benefits and Corrosion

Elements Main Feature Resistance Improvements

Ni Provides matrix for metallurgical Enhances corrosion in mild
compatibility to various alloying reducing media. Alkali media
elements. Improves thermal improves chloride SCC
stability and fabricability

Cr Provides resistance to oxidizing Enhances localized corrosion
media. resistance.

Mo Provides resistance to reducing media  Enhances localized corrosion

resistance and chloride SCC.
Provides solid solution

strengthening.
\%% Behaves similar to Mo but less Provides solid solution
effective. Detrimental to thermal strengthening.
stability.
N Austenitic stabilizer—economical Enhances localized corrosion
substitute for nickel. resistance, thermal stability,
and mechanical properties.
Cu Improves resistance to seawater. Enhances resistance to H,SO4
and HF containing acid
environments.

7.3.1 Alloying Effects

The effects of various alloying elements on nickel matrix for wet corrosion and
high-temperature corrosion are presented in Tables 7.2 and 7.3. Some of the
alloying elements are common to both but impart different property charac-
teristics. Some may be undesirable for wet corrosion alloys but beneficial for
high-temperature corrosion alloys and vice versa.

There are many good textbooks and articles available in the open literature
and to get a deeper understanding and details of specific alloy systems, the reader
is strongly encouraged to consult these. A reference list is provided at the end
of this chapter [6-8].

7.3.2 Aqueous Corrosion Modes

Alloys can be basically divided into various binary and ternary alloy systems
with very specific properties and applications as shown in the following list:

Alloy Systems Some Major Alloys in These Systems
Ni Commercially pure nickel, alloy 200/201
Ni—Cu alloys Alloy 400, K-500
Ni—Mo alloys Alloy B, B-2, B-3, B-4, B-10
Ni-Si alloys Cast Ni-Si alloys, alloy SX, Lewmet, alloy

D-205
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TABLE 7.3 Alloying Effects in High-Temperature Nickel Alloys

Cr

Si

a=

Y and RE

Al

Ti
Nb

Mn

Co

Helps in oxidation resistance provided temperature does not exceed 950°C
for long periods. Volatility of Cr,O3. Also not good in fluorine at high
temperatures:

Improves sulfidation resistance and high Cr beneficial to oil ash corrosion
and attack by molten glass

Decreases carbon diffusion; helps carburization resistance

Detrimental to nitriding resistance. Increases high-temperature strength

Improves oxidation resistance, nitriding, sulfidation, and carburizing
resistance. Synergistically acts with Cr to improve scale resilience.
Detrimental to nonoxidizing chlorination resistance.

Improves high-temperature strength, good in reducing chlorination. Improves
creep strength, bad for oxidation at higher temperatures.

Improves carburization, nitriding, and chlorination resistance; bad for
sulfidation resistance.

Behaves similarly to Mo.

Improves strength; helps nitridation resistance; beneficial to carburization
and metal dusting resistance; oxidation resistance adversely effected

Improves adherence and spalling of oxide layer. Helps with sulfidation
resistance.

Independently and synergistically with Cr improves oxidation resistance.
Helps with sulfidizing resistance; bad for nitriding resistance.

Bad for nitriding resistance.

Increases short-term creep strength; may be beneficial in carburizing
resistance; detrimental to nitriding resistance.

Slight positive effect on high-temperature strength and creep; bad for
oxidation resistance; increase solubility of N,.

Reduces rate of sulfur diffusion; hence, helps with sulfidation resistance;
improves solid solution strength.

Ni-Fe alloys Invar

Ni—Cr-Fe alloys Alloys 600, 601, 800, 800H, 800HT, 690
Ni—Cr—Fe—Mo-Cu alloys 20, 28, 825, G, G-3, G-30, 31, 33, 1925hMo
Ni—Cr—Mo alloys 625, C-276, C-4, C-22, 686, C-2000, 59, Mat 21
High-temperature Alloys 602CA, 603GT, 2100GT, 45TM, 230, 625, X

HR160, 718, 617, 690, 214, Nimonic series,
Udimet series, others

7.4 ALLOY SYSTEMS

7.4.1 Commercially Pure Nickel

Alloy/UNS# Ni Cu Fe  Mn C

200/N02200  99.0 min 0.25 040 035 0.15
201/N02201  99.0 min 0.25 040 0.35 0.02
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The two main alloys, commercially pure alloy 200 and alloy 201, have useful
resistance at low to moderate temperatures to corrosion by dilute unaerated solu-
tion of the common nonoxidizing mineral acid such as HCI, H,SOy4, or H3POy,.
The reason for its good behavior is the fact that the standard reduction potential
of nickel is more noble than that of iron and less noble than copper. Because of
nickel’s high overpotential for hydrogen evolution, there is no easy discharge of
hydrogen from any of the common nonoxidizing acids and a supply of oxygen
is necessary for rapid corrosion to occur. Hence in the presence of oxidizing
species such as ferric or cupric ions, nitrates, peroxides, or oxygen, nickel can
corrode rapidly. Nickel’s outstanding corrosion resistance to alkalies has led to its
successful use as caustic evaporator tubes. At boiling temperatures and concen-
tration of up to 50% NaOH, the corrosion rate is less than 0.005 mm/year. The
iso-corrosion diagram for nickel 200 and 201 in sodium hydroxide clearly shows
its superiority and usefulness even at higher concentrations and temperatures [9].
However, when nickel is to be utilized at temperatures above 316°C (600°F) in
these applications, the low-carbon version (alloy 201) is recommended to guard
against the phenomenon of graphitization occurring at the grain boundaries, which
leads to possible loss of ductility causing embrittlement.

Nickel is very resistant to chloride stress corrosion cracking resistance but
may be susceptible to caustic cracking in aerated solution in severely stressed
conditions. Use of Ni—Cr—Fe such as alloy 600 may be more resistant under such
conditions. Nickel has a high resistance to corrosion by most natural freshwaters
and rapidly flowing seawater. However, under stagnant or crevice conditions,
severe pitting attack may occur. While nickel’s corrosion resistance to oxidizing
acids such as nitric acid, is poor, it is sufficiently resistant to most nonaer-
ated organic acids and organic compounds. Nickel is not attacked by anhydrous
ammonia or very dilute ammonium hydroxide solution (<2%). Higher concen-
trations cause rapid attack due to formation of a soluble (Ni-NH,) complex
corrosion product.

Nickel’s good resistance to halogenic environments at elevated temperatures
such as in chlorination or fluorination reactions has been utilized in many modern-
day chemical processes, largely due to the fact that the nickel—halide films formed
on the nickel surface have relatively low vapor pressures and high melting points.

Nickel has been successful in production of high purity caustic in 50-75%
concentration range, petrochemical industry, chemical process industry, handling
of food and food industry, and production of synthetic fibers. Other useful appli-
cations are due to its magnetic and magnetostrictive properties, high thermal and
electrical conductivities, and low vapor pressure.

7.4.2 Ni-Cu Alloys

Alloy/UNS # Ni 4+ Co Cu Fe Mn C Al, Ti

400/N04400 63.0 min 31 2.5 2.0 0.30 —
K500/N05500 63.0 min 30 2.0 1.5 0.18 2.8,0.6
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The two main alloys in this system are Monel 400 or alloy 400 and its
age—hardenable version, alloy K-500. Alloy 400 was developed at the beginning
of the twentieth century and, even after approximately 100 years, continues to be
used in the modern-day chemical, petrochemical, marine, refineries, and many
other industries. Alloy 400 containing about 30—33% copper in a nickel matrix
has many similar characteristics of commercially pure nickel, while improving
upon many others. Addition of some iron significantly improves the resistance
to cavitation and erosion in condenser tube applications. The main uses of alloy
400 are under conditions of high flow velocity and erosion as in propeller shafts,
propellers, pump-impeller blades, casings, condenser tubes, and heat exchanger
tubes. Corrosion rate in moving seawater is generally less than 0.025 mm/year.
The alloy can pit in stagnant seawater, however, the rate of attack is considerably
less than in commercially pure alloy 200. Due to its high nickel content (approx.
65%) the alloy is generally immune to chloride stress corrosion cracking.

The general corrosion resistance of alloy 400 in nonoxidizing mineral acids is
better compared to nickel. However, it suffers from the same weakness of exhibit-
ing very poor corrosion resistance to oxidizing media such as nitric acid, ferric
chloride, cupric chloride, wet chlorine, chromic acid, sulfur dioxide, or ammonia.

In unaerated dilute hydrochloric and sulfuric acid solution the alloy has use-
ful resistance up to concentrations of 15% at room temperature and up to 2%
at somewhat higher temperature, not exceeding 50°C. Due to this specific char-
acteristic, alloy 400 is also used in processes where chlorinated solvents may
form hydrochloric acid due to hydrolysis, which would cause failure in standard
stainless steel.

Alloy 400 possesses good corrosion resistance at ambient temperatures to all
HF concentration in the absence of air. Aerated solutions and higher temperature
increase the corrosion rate. The alloy is susceptible to stress corrosion cracking in
moist aerated hydrofluoric or hydrofluorosilic acid vapor. This can be minimized
by deaeration of the environments or by stress relieving anneal of the component
in question.

Neutral and alkaline salt solutions such as chloride, carbonates, sulfates and
acetates have only minor effect even at high concentrations and temperatures up
to boiling. Hence the alloy has found wide use in plants for crystallization of
salts from saturated brine.

Alloy K-500, the age-hardenable alloy, which contains aluminum and tita-
nium, combines the excellent corrosion resistance features of alloy 400 with the
added benefits of increased strength, hardens, and maintaining its strength up to
600°C. The alloy has low magnetic permeability and is nonmagnetic to —134°C.
Some of the typical applications of alloy K-500 are for pumpshafts, impellers,
medical blades and scrapers, oil well drill collars, and other completion tools,
electronic components, springs and valve trains. This alloy is primarily used in
marine and oil and gas industrial applications. In contrast alloy 400 is more ver-
satile, finding many uses in roofs, gutters, and architectural parts on a number
of institutional buildings, tubes of boiler feedwater heaters, seawater applications
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(sheathing, others), HF alkylation process, production and handling of HF acid,

and in refining of uranium, distillation, condensation units, and overhead con-
denser pipes in refineries and petrochemical industries, and many others.

7.4.3 Ni-Fe Alloys

Alloy Ni Cr/Co Mn Si C Fe  Others
Alloy 36, Invar 36 02/05 035 02 003 Bal —
Magnifer 7904, Hymu 80 80 — 050 03 002 Bal Mo5

The nickel alloys containing 36—80% nickel are generally used due to their
special physical properties, such as low coefficient of thermal expansion and/or
magnetic properties.

Higher nickel alloys containing 76—80% nickel with some iron and some
molybdenum have the highest magnetic permeability and are used as inductive
components in transformers, circuit breakers, low-frequency transducers, relay
parts, and screens Alloys with 36% nickel, known as Invar, has extremely low
expansion characteristics. Due to its applications in cryogenic environments, this
alloy has undergone extensive corrosion testing. The nickel—iron alloys have
moderately good resistance to a variety of industrial environments, but are pri-
marily used for their physical characteristics as opposed to corrosion-resistant
characteristics.

7.4.4 Ni-Si Alloys

Alloy Ni Co Mo Cu Cr Si Fe
Lewmet66 Bal 6 02 3 31 3 16
Alloy D-205 Bal — 25 2 20 5 6

Cast Ni-Si alloys typically containing 8—10% silicon were developed for han-
dling hot or boiling sulfuric acid of most concentrations and have also been used
to resist strong nitric acid above 50% concentration along with nitric—sulfuric
acid mixtures. A few wrought Ni—Si alloys have also been developed in this
century, such as alloy SX, Lewmet grades, and alloy D-205.

7.4.5 Ni-Mo Alloys (B Family Alloys)

Alloy/UNS# Ni Mo Fe Cr C

B/N10001 Bal 28 5 0.5 0.03
B-2/N10665 Bal 28 1.8 0.7 0.005
B-3/N10675 Bal 28 1.5 1.5 0.005
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B-4/N10629  Bal 28 3 1.2 0.005
B-10/N10624 Bal 24 6 8.0 0.005

Alloy B, the original alloy in the Ni—Mo family, developed in the 1920s, suf-
fered from heat affected zone (HAZ) corrosion in nonoxidizing acids (i.e., acetic,
formic, and hydrochloric) due to its higher carbon content. In the decade of the
1960s, improved argon—oxygen decarburization (AOD) melting technology led
to development of alloy B-2. This alloy solved the HAZ corrosion problem but
suffered from poor fabricability. Recent developments of controlled chemistry
alloy B-2, alloy B-3, and Nimofer 6629—Alloy B-4, UNS N10629—solved both
these problems by eliminating/reducing the formation of detrimental intermetallic
phases with further improvement in corrosion resistance behavior. Greater details
on fundamental behavior and understanding of Ni—Mo alloy systems are avail-
able in the open literature [10, 11]. Alloy B-2, B-3, and B-4 are recommended
for service in handling all concentrations of HCI in the temperature range of
70-100°C handling of wet HCI gas. It has excellent resistance to pure HSOy
up to boiling point in concentrations below 60%. One weakness of the alloy is
its lack of chromium and hence its very poor corrosion resistance in the presence
of oxidizing species. Alloy B-2 has been successfully used in the production
of acetic acid, pharmaceuticals, alkylation of ethyl benzene, styrene, cumene,
organic sulfonation reactions, melamine, herbicides, and many other products.
Alloy B-4, the improved version of alloy B-2, is being tested and has already
found applications in production of resins encountering hydrochloric acid due
to the presence of aluminum chloride in the temperature range of 120—150°C.
In one chemical company in Spain, alloy B-4 was tested and specified for use
in production of pesticides, where severe corrosive conditions exist due to pres-
ence of hydrochloric acid. The “C” family alloys were totally inadequate under
these conditions. Alloy B-4 has solved both the fabricability problems, encoun-
tered with alloy B-2 and the susceptibility to stress corrosion cracking in many
corrosive environments.

A very recent development in the Ni—Mo family has been the introduction of
alloy B-10 (Nimofer 6224). One of the major weaknesses of the B, B-2, B-3, and
B-4 alloys was their inability to handle the presence of oxidizing species in the
corrosive media. Unacceptable and very high corrosion rates resulted. Under such
conditions, the C family alloys with their higher chromium contents, such as alloy
C-276 or alloy 59, could easily handle the oxidizing species but lacked sufficient
molybdenum to counteract against the highly acidic hydrochloric or sulfuric acid
reducing conditions. Alloy B-10 was an intermediate alloy between the C and B
family, where the molybdenum level was significantly higher than the C family
but somewhat lower than the B family. Also, the chromium and iron levels were
increased to 8 and 6%, respectively, to counteract against the presence of the
oxidizing corrosive species, which may be present in the environment. This alloy
has already found successful uses in very specific crevice corrosion conditions
caused in waste incinerators. Many other field tests are under way with this
alloy [12].
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7.4.6 Ni-Cr-Fe Alloys

Alloy/UNS # Ni Cr Fe Al Si Others
600/N06600 Bal 16 9 — 0.3 —
601/N06601 Bal 23 14 1.4 0.3 —
800H/N08810 32 21 Bal 0.4 0.5 Ti
690/N06690 Bal 30 10 — 0.3 —
602CA/N06025 Bal 25 9.5 224 — Y,Zr,Ti
45TM/N06045 Bal 27 23 — 2.7 RE

Of the many commercial Ni—Cr—Fe alloys, the major ones are alloy 600, 601,
alloy 800 variations, and alloy 690. Alloy 602CA provides an overall improve-
ment over alloy 600/601, whereas alloy 45TM is an improvement over alloy 800H
in resisting sulfidation, oxidation, metal dusting, and carburization type attack.

7.4.6.1 Alloys 600, 601, 690, and 602CA

Alloy 600, due to its high nickel content, has excellent resistance to halogens
at elevated temperatures and has been used in processes involving chlorination.
It has good oxidation and chloride stress corrosion cracking resistance. In pro-
duction of titanium dioxide by chloride routes natural titanium oxide (illmenite
or rutile) and hot chlorine gases reacted to produce titanium tetrachloride. Alloy
600 has been successfully used in this process due to its excellent resistance to
corrosion by hot chlorine gas. This alloy has found wide usage in the furnace
and heat-treating field due to its excellent resistance to oxidation and scaling at
980°C. The alloy also has found considerable use in handling water environments,
where stainless steels have failed by cracking. It has been used in a number of
nuclear reactors including steam generator boiling and primary water piping sys-
tems. Alloy 690 in recent years has substituted alloy 600 in nuclear applications
due to its superior stress corrosion cracking resistance. Alloy 600 has also been
used in preheaters and turbine condensers with maximum service temperatures
around 450°C. However, the low chromium content of alloy 600 prevented its
use in applications that required extended exposure to high temperatures and
requiring superior creep properties. This limitation was addressed by increasing
the chromium content in alloy 601. Even with this modification, alloy 601 had
some limitations. The need to extend the temperature range to 1200°C and still
maintain good strength with improved resistance to environmental degradation
led to the development of a new alloy, and alloy 602CA, which is described in
the high-temperature section.

7.4.6.2 Alloys 800, 8O0H, 800HT, and 45TM

Alloy 800 (20% Cr, 32% Ni, and 46% Fe as balance) is used primarily for
its oxidation resistance and strength at elevated temperatures. One of its major
benefits is that the alloy does not form embrittling sigma phase even after long
time exposure between 650 and 870°C. This fact coupled with its high creep and
stress rupture strength have led to many applications in the petrochemical industry
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such as in the production of styrene (steam-heated rectors). The alloy exhibits
good resistance to carburization and sulfidation and thus has been used in coal
gasification in components such as heat exchangers, process piping, carburizing
fixtures, and retorts. Two major applications are electric range heating element
sheathing and extruded tubing for ethylene and steam methane reformer furnaces.

In aqueous corrosion service, alloy 800 is generally not widely used since
its corrosion resistance is somewhere between type 304SS and 316SS. Even
though alloy 800H has been used in coal gasification due to its good carburization
and sulfidation resistance, it undergoes accelerated attack in some processes. To
enhance resistance to these modes of degradation, a higher chromium, silicon-
containing alloy was developed, known as alloy 45TM (UNS NO06045). This
is a chromia/silica forming alloy with excellent resistance to high-temperature
attack in coal gasification and thermal waste incinerators, and in refineries and
petrochemical industries, where sulfidation has been a major problem. Details on
this alloy are available in the open literature [4, 17].

7.4.7 Ni-Cr-Fe-Mo-Cu Alloys

Alloy/UNS# Ni Cr Mo Cu Fe Others
825/N08825 Bal 22 3 2 31 Ti
G/N06007 Bal 22 6.5 2 20 Cb+Ta
G-3/N08825 Bal 22 7 2 20 Cb+ Ta
G30/N06030 Bal 29 5 1.5 15 Cb + Ta
20/N08020 35 20 3 3.5 Bal Cb
28/N08028 31 27 3.5 1 36 —
31/N08031 31 27 6.5 1.2 32 N
33/R20033 31 33 1.6 1.2 32 N
1925hMo/N08926 25 21 6.5 0.9 Bal N

Fortification of Ni—Cr—Fe alloys with molybdenum and copper has resulted
in a series of alloys with improved resistance to corrosion by hot reducing acid
such as sulfuric, phosphoric, and hydrofluoric acid and acids containing oxidizing
species. By maintaining copper content to about 2% or less and chromium content
from 20 to 33% and molybdenum levels from 1.5 to 7.0% and replacing some of
the nickel with iron to reduce cost, a group of alloys are produced that have useful
corrosion resistance in a wide variety of both oxidizing and reducing acids (except
hydrochloric), organic compounds and to acid, neutral, and alkaline salt solutions.

7.4.7.1 Alloy 825

Alloy 825 is developed from alloy 800 with the addition of molybdenum (3%),
copper (2%), and titanium (0.9%) for providing improved aqueous corrosion
resistance in a wide variety of corrosive media. Its high nickel content of about
42% provides excellent resistance to chloride-ion stress corrosion cracking, al-
though not immune to cracking. When tested in boiling magnesium chloride
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solutions, this alloy has been an upgrade to the 300 series stainless steels, when
localized corrosion and stress corrosion cracking has been a problem. The high
nickel in conjunction with the molybdenum and copper provides good resistance
to reducing environments such as those containing sulfuric and phosphoric acids.
Laboratory test results and service experience have confirmed the useful resis-
tance of alloy 825 in boiling solutions of sulfuric acid up to 40% by weight and at
all concentrations up to a maximum temperature of 66°C. In the presence of oxi-
dizing species other than oxidizing chlorides, which may form HCI by hydrolysis,
the corrosion resistance in sulfuric acid is usually improved. Hence the alloy is
suitable for use in mixtures containing nitric acid, cupric acid, and ferric sulfates.
In pure phosphoric acid the alloy is resistant at concentrations and temperatures
up to and including boiling 85% acid. The alloy’s high chromium content con-
fers resistance to a variety of oxidizing media such a nitric acid, nitrates, and
oxidizing salts. The titanium addition with an appropriate heat treatment serves
to stabilize the alloy against sensitization to intergranular attack.

Some typical applications include various components used in sulfuric acid
pickling of steel and copper, components in petroleum-refineries and petrochem-
icals (tanks, agitators, valves, pumps), equipment used in production of ammo-
nium sulfate, pollution control equipment, oil and gas recovery, acid production,
nuclear fuel reprocessing and handling of radioactive waste, and phosphoric
acid production (evaporators, cylinders, heat exchangers, equipment for handling
fluorsilicic acid solution, and many others). Alloy 825 is a versatile alloy han-
dling a wide variety of corrosive media but has begun to be gradually replaced in
the industry by other alloys due to their superior localized corrosion resistance,
such as the G family alloy and the 6% moly superaustenitic stainless steels, such
as alloy 1925hMo (N08926) and alloy 31 (N08031).

7.4.7.2 G Family — G, G-3, and G-30

Alloy G was a development from alloy F, an alloy of similar composition, but
with addition of about 2% copper. This addition of copper significantly improved
the corrosion resistance in both sulfuric and phosphoric acid environments. Alloy
G, developed in the 1960s, had excellent corrosion resistance in the as-welded
condition and could handle the corrosive effects of both oxidizing and reducing
agents. The alloy exhibited resistance to mixed acids, fluorsilicic acid, sulfate
compounds, concentrated nitric acid, flue gases of coal-fired power plants, and
hydrofluoric acid. Due to its higher nickel and molybdenum content over alloy
825, the alloy is essentially immune to chloride stress corrosion cracking and has
significantly superior localized corrosion resistance. This alloy has been widely
used in industries similar to those using alloy 825 as mentioned before, with the
added advantage of improved corrosion resistance. However, this alloy is now
obsolete and has been replaced by alloy G-3.

Alloy G-3 is an improved version of alloy G, having similar excellent corrosion
resistance characteristics, but greater resistance to HAZ attack and with better
weldability. Due to its lower carbon content, the alloy offers slower kinetics of
carbide precipitation and its slightly higher molybdenum content provides for
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superior localized corrosion resistance. Alloy G-3 has replaced alloy G in almost
all the industrial applications to date and alloy 825 in many applications, where
better localized corrosion resistance is needed.

Alloy G-30 is a modification of the G-3 alloy with significantly increased
chromium content and a lower molybdenum content. The alloy shows excellent
resistance in commercial phosphoric acids as well as many complex and mixed
acid environments of nitric/hydrochloric and nitric/hydrofluoric acids. The alloy
has good resistance in sulfuric acid also. Some typical applications of alloy G-30
have been in phosphoric acid service, mixed acid service, nuclear fuel reprocess-
ing, components in pickling operations, petrochemicals, agrichemicals manufac-
ture (fertilizers, insecticides, pesticides, herbicides), and mining industries.

7.4.7.3 Standard 6% Mo Alloys and Advanced 6% Mo Alloy 31
Standard 6Mo alloys, such as Cronifer 1925hMo, 254SMO, Inco 25-6Mo, and
Al-6XN were basically derived from alloy 904L metallurgy by increasing the
molybdenum content by approximately 2% and fortifying it with nitrogen as a
cost-effective substitute for nickel for metallurgical balance and improved thermal
stability. The addition of molybdenum and nitrogen provided the added benefits
of improved mechanical properties and resistance to localized corrosion. These
alloys are readily weldable with an overalloyed filler metal such as alloy 625, C-
276, or 59 to compensate for the segregation of molybdenum in the interdendritic
regions of the weld. They have been extensively used in offshore and marine,
pulp and paper, flue gas desulfurization (FGD), chemical process industry for both
organic and inorganic compounds, and a variety of other applications. The 6Mo
family alloys successfully bridge the performance gap between standard stainless
steels and the high-performance nickel-based alloys in a cost-effective manner.

A higher chromium/higher nickel version of standard 6Mo alloys is the new
advanced 6Mo alloy Nicrofer 3127hMo—alloy 31—UNS NO08031. Its greatly
improved corrosion resistance compared with conventional 6Mo family alloys
and alloy 28 is achieved via increased Cr (27%) and Mo (6.5%) contents and
fortification with nitrogen (0.2%). Alloy 31’s corrosion behavior, achieved with
only about half the nickel content of alloy 625, makes it a very cost-effective
alternative in many applications. The pitting potential of this alloy as determined
in artificial seawater makes it a suitable alloy for heat exchangers using seawater
or brackish water as cooling media. Its corrosion resistance in sulfuric acid in
medium concentration ranges is superior even to that of alloy C-276 and alloy 20
(Table 7.4). Its localized corrosion resistance is superior to many alloys includ-
ing alloy 625. (Table 7.5). Figure 7.1 shows this alloy to maintain its corrosion
pitting potential as a function of temperature in artificial seawater. This property
has led to its use in tube-and-shell heat exchangers using seawater or brackish
water as a cooling medium.

However, in view of the specific active/passive characteristics of alloy 31
in sulfuric acid environments, one must be extremely careful, when specifying
this material for sulfuric acid use at 80% concentration and temperatures above
80°C, because these conditions will render the material active. Alloy 31 has been
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TABLE 7.4 Corrosion Resistance in Sulfuric Acid [Corrosion Rate (mpy)]
60°C 80°C 100°C

Alloy Alloy Alloy Alloy Alloy Alloy Alloy Alloy Alloy
% H,S04 20 C-276 31 20 C-276 31 20 C-276 31

20 <5 <1 <0.1 10 4 <0.1 >25 7 0.3
40 <5 <2 <0.1 10 3 <02 >25 10 0.6
60 >5 <2 <0.1 11 4 0.4 >50 11 1
80 5 <1 0.2 18 15 0.8 >50 240 240

TABLE 7.5 Critical Pitting and Crevice Corrosion Temperature per ASTM G-48
(10% FeCl3)

Critical Pitting Corrosion Critical Crevice Corrosion
Alloy Temp. (°C) Temp. (°C) PRE“
316 15 <0 24
904L 45 25 37
20 15 <10 29
825 30 <5 32
G-3 70 40 45
1925hMo 70 40 48
625 77.5 57.5 52
33 85 40 50
31 85? 65 54

“PRE: Pitting resistance equivalent = %Cr + 3.3(%Mo) + 30N.
b Above 85°C, the 10% FeCls solution chemically breaks down.

extensively used in the most varied applications including the pulp-and-paper
industry, phosphoric acid environments, copper smelters, sulfuric acid produc-
tion, pollution control, wastewater treatment in uranium mining, sulfuric acid
evaporators, leaching of copper ores, pressure leaching of nickel from nickel lat-
eritic ores, flue gas desulfurization systems of coal-fired power plants, viscose
rayon production, fine chemicals production, and many others [18-20].

7.4.7.4 Alloy 20

The first version of alloy 20 was introduced in 1951 for sulfuric acid applica-
tions. A few years later, a columbium-stablized version was developed as 20Cb3,
which allowed its weldments to be used in the as-welded condition without the
need for postweld heat treatment. Further modifications led to the modern version
alloy 20Cb3 with increased nickel content. This alloy is used in many applica-
tions due to its good resistance in sulfuric acid media and resistance to stress
corrosion cracking. It is used in the manufacture of synthetic rubber, high octane
gasolene, solvents, explosives, plastics, synthetic fibers, chemicals and pharma-
ceuticals, in the food processing industry, and many others. However, due to
its lower molybdenum content, the localized corrosion resistance of this alloy



232 NICKEL AND NICKEL ALLOYS

Advanced 6Mo alloy 31
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FIGURE 7.1 Corrosion pitting potential of alloy 31 vs. other alloys in artificial seawater.

is inadequate in certain applications and is being replaced by the standard and
advanced 6Mo alloys.

7.4.7.5 Alloy 33

Alloy 33, a recent innovation, is a chromium-based austenitic wrought superstain-
less steel (33 Cr, 32 Fe, 31 Ni, 1.6 Mo, 0.6 Cu, 0.4 N). This alloy has excellent
resistance to both acidic and alkaline corrosive media, mixed HNO;3; /HF acids, hot
sulfuric acid, localized corrosion, and stress corrosion cracking. Due to its high
nitrogen content, this alloy has excellent mechanical properties. Its high pitting
resistance equivalent (PRE) makes it a very cost-effective alloy in comparison to
some stainless steels and some lower alloys.

In comparison to other high chromium alloys such as alloy G-30, 690, and
28, alloy 33 shows excellent corrosion resistance behavior. This alloy on a
cost—performance basis has the potential of being an excellent alternative to
many alloys currently in use such as 825, 904L, 20, 28, 6Mo alloys, G-3, G-
30, and in some cases even alloy 625. The alloy has been successfully used in
high-temperature concentrated sulfuric acid and is undergoing tests in a wide
variety of diverse industries and environments. Details on the development and
properties of this alloy are presented in the open literature [21, 22].

7.4.8 High-Performance Ni-Cr-Mo Alloys

Alloy/UNS# Ni Cr Mo W/Cu/Ta Fe Others
C/N10002 Bal 16 16 4/ —/— 6 C-0.03
625/N06625 Bal 22 9 —/—/— 2 Cb 3.5
C-276/N10276 Bal 16 16 4/ —/— 6 C-0.005
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C-4/N06445 Bal 16 16 ——/— 2 C-0.005
22/N06022 Bal 21 13 3/ —/— 3 C-0.005
59/N06059 Bal 23 16 ——/— <1 C-0.005
686/N06686 Bal 21 16 4/ —/— 2 C-0.005
2000/N06200 Bal 23 16 —/1.6/— 2 C-0.005
Mat21/N06210 Bal 19 19 —/—/1.8 1 C-0.005

The C family of alloys, the original being Hastelloy alloy C (1930s) was
an innovative optimization of Ni—Cr alloys having good resistance to oxidizing
corrosive media and Ni—Mo alloys with superior resistance to reducing corro-
sive media. This combination resulted in the most versatile corrosion-resistant
alloy in the “Ni—Cr—Mo” alloy family with exceptional corrosion-resistance in a
wide variety of severe corrosive environments typically encountered in Chemical
Process Industry (CPI) and other industries. The alloy also exhibited excellent
resistance to pitting and crevice corrosion attack in low pH, high chloride oxidiz-
ing environments and had total immunity to chloride stress corrosion cracking.
These properties allowed this alloy to serve the industrial needs for many years
although it had some limitations. The decade of the 1960s (alloy C-276), 1970s
(alloy C-4), 1980s (alloy C-22 and 622), and 1990s (alloy 59, alloy 686, alloy
C-2000, and MAT 21) saw newer alloy developments with improvements in cor-
rosion resistance, which not only overcame the limitations of alloy C, but further
expanded the horizons of applications as the needs of CPI became more critical,
severe, and demanding.

Today the original alloy C of the 1930s is practically obsolete except for
some usage in the form of castings. The chronology of the various corrosion-
resistant Ni—Cr—Mo alloy developments during the twentieth century with special
emphasis on the last 40 years of evolution in the C family of Ni—-Cr—Mo alloys
and their applications is presented below.

Prior to the 1950s the alloy choices available to material engineers for combat-
ting corrosion were very limited. The latter half of the last century saw a phenom-
enal growth in the development of new alloys including the high-performance
C family alloys. Table 7.1 gives a brief listing of some alloys developed during
the pre-1950s period and the last five decades. As is evident from this listing of
austenitic alloys, today’s corrosion/material engineers have a much wider selec-
tion of alloys to meet their specific needs. The next few sections describe in detail
the historical development of the C family of alloys, their corrosion resistance
characteristics, both uniform corrosion and localized corrosion resistance, their
thermal stability behavior, and the many industrial applications, where only the
alloys of this family have provided reliable, safe, and cost-effective performance.

7.5 HISTORICAL DEVELOPMENT CHRONOLOGY OF C ALLOYS
7.5.1 Alloy C (1930s to 1965)

The element nickel has some unique electrochemical properties of its own, thus
making unalloyed nickel a suitable choice in certain applications, but more
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important is its metallurgical compatibility with a number of other important
alloying elements such as chromium, molybdenum, tungsten, copper, and iron.
This compatibility and optimization between Ni—Cr and Ni—Mo alloys led to the
first alloy of the C family, Hastelloy alloy C in the 1930s. The development of
this alloy has been well described by McCurdy in 1939 [23].

This alloy was the most versatile corrosion-resistant alloy available in the
1930s through mid-1960s to handle the needs of the chemical process industry.
However, the alloy had a few severe drawbacks. When used in the as-welded
condition, alloy C was often susceptible to serious intergranular corrosion attack
in HAZ in many oxidizing, low-pH, halide-containing environments. This meant
that for many applications, vessels fabricated from alloy C had to be solution
heat treated to remove the detrimental weld HAZ precipitates. This put a serious
limitation on the alloy’s usefulness. The CPI during the late 1940s and 1950s
was constantly coming up with new processes that needed an alloy without these
limitations of “solution heat-treating” after welding. Also in severe oxidizing
media, this alloy did not have enough chromium to maintain useful passive
behavior, thus exhibiting high uniform corrosion rates.

7.5.2 Alloy 625 (1960s to Present)

One of the “severe oxidizing media” limitation of alloy C was overcome by
increasing the chromium content from 16 to 22% in alloy 625, an alloy developed
in the late 1950s and commercialized in the 1960s. However, the molybdenum
content was reduced to 9% and columbium was added for stabilization against
intergranular attack, which permitted the use of this alloy in the as-welded con-
dition without the need for a solution anneal as was the case with alloy C. The
increased chromium improved corrosion resistance in a number of strongly oxi-
dizing corrosive media, while maintaining adequate resistance to many reducing
corrosive media. This alloy had a good balance of corrosion-resistant proper-
ties but was not as versatile in “reducing acid media” as alloy C, due to the
lower molybdenum level in alloy 625. Also its localized corrosion resistance
was significantly lower than alloy C.

This alloy is resistant to corrosion and pitting in seawater and has useful
resistance to wet chlorine, hypochlorites, and oxidizing chlorides at ambient tem-
peratures. It is resistant to various concentrations of hydrofluoric acid, even in
the aerated condition, and to such acid mixtures as nitric-hydrofluoric, sulfuric-
hydrofluoric, and phosphoric-hydrofluoric acids under most conditions encoun-
tered in industrial practice. Alloy 625 has good strength and resistance to scaling
in air up to 980°C and many uses exist in high-temperature applications.

An alloy with lower nickel content, similar chromium and molybdenum con-
tent, alloy X (47Ni, 22Cr, 18.5Fe, 9Mo, 0,10C, 0.6 W) was developed having
good high-temperature strength and resistance to oxidation and scaling up to
~1100°C. This alloy is mostly used for high-temperature applications in the heat
treatment industry and for flying and land-based gas turbine components.

Another alloy, alloy N (69.5Ni, 7Cr, 16.5Mo, 5Fe) was developed for use with
molten fluoride salts at 815°C in nuclear applications. Chromium was reduced
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to 7% to prevent intergranular attack and mass transfer of chromium in this
environment.

7.5.3 Alloy C-276 (1965 to Present)

To overcome one of the above serious limitations, the chemical composition of
alloy C was modified by a German company, BASF, which basically consisted
of reducing both the carbon and silicon levels in this alloy by more than 10-fold
to very low levels of typically 50 ppm carbon and 400 ppm silicon. This was
only possible due to the invention of a new melting technology, known as the
AOD-process and VOD (vacuum oxygen decarburization) process. This low-
carbon and silicon content alloy came to be known as alloy C-276, which then
was produced in the United States under a license from BASF Company, which
was awarded a U.S. patent. The corrosion resistance of both these alloys was
essentially similar in many corrosive environments, but without the detrimen-
tal effects of continuous grain boundary precipitates in the weld HAZ of alloy
C-276. Thus alloy C-276 could be used in most applications in the as-welded
condition without suffering severe intergranular attack. The corrosion behavior
of both alloy C and alloy C-276 has been adequately covered in the open litera-
ture via numerous publications [6, 24]. The grain boundary precipitation kinetics
and the time-temperature-transformation (T-T-T) diagram for these alloys are
also well documented [25-27]. The industrial applications of alloy C-276 in the
process industries are very extensive, diverse, and versatile due to its having
excellent resistance in both oxidizing and reducing media even with halogen ion
contamination. However, there were certain process conditions, where even alloy
C-276 with its low carbon and low silicon was not adequately thermally stable
in regard to precipitation of both carbides and intermetallic phases, thus being
susceptible to corrosive attack. Within the broad scope of chemical processing,
examples exist where serious intergranular corrosion of a sensitized (precipitated)
microstructure has occurred. To overcome this, a modification of alloy C-276 was
developed in the 1970s, called alloy C-4.

7.5.4 Alloy C-4 (1970s to Present)

In addition to the 10-fold decrease in carbon and silicon of alloy C, alloy C-4
had three other major modifications, that is, omission of tungsten from its basic
chemical composition, reduction in iron level, and addition of some titanium. The
above changes resulted in significant improvement in the precipitation kinetics of
intermetallic phases, when exposed in the sensitizing range of 550—1090°C for
extended periods of time, virtually eliminating the intermetallic and grain bound-
ary precipitation of the “mu” phase, which has a (Ni, Fe, Co)3(W, Mo, Cr), type
structure and various other phases. These phases are detrimental to ductility,
toughness, and corrosion resistance.

The general corrosion resistance of alloy C-276 and alloy C-4 was essentially
the same in many corrosive environments, except that in strongly reducing media
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like hydrochloric acid, alloy C-276 was better; but in highly oxidizing media,
the opposite was true, that is, alloy C-4 was better. Alloy C-4 offers good cor-
rosion resistance to a wide variety of media including organic acids and acid
chloride solutions. Details of alloy C-4 development are documented in the open
literature [6, 28, 29]. This alloy has found greater acceptance in European coun-
tries in contrast to alloy C-276, which is more widely used and accepted in the
United States.

7.5.5 Alloy C-22 (1982 to Present)

The expiration of the alloy C-276 patent in the United States in 1982 saw the
introduction of a newer development in the C family, alloy C-22. This alloy
claimed that the mu-phase control in alloy C-4, which was accomplished by con-
trolling the “electron vacancy” number by omitting tungsten and reducing iron,
was done at the expense of reduced corrosion resistance to oxidizing chloride
solutions, where tungsten is a beneficial element. In addition, both alloys C-276
and C-4 suffered high corrosion rates in oxidizing, nonhalide solutions, due to
their relatively low chromium levels of 16%. Hence, the claim was, that there
existed a need for an alloy with higher chromium levels for oxidizing environ-
ments with an optimized balance of Cr, Mo, and W, thus yielding an alloy with
superior corrosion properties and good thermal stability. This led to the alloy
C-22 composition (Table 7.2) with approximately 21% Cr, 13% Mo, 3% W, and
3% Fe with balance nickel. Even though the corrosion resistance of this alloy
was superior to alloys C-276 and C-4 in highly oxidizing environments, slightly
better pitting corrosion resistance in “green death” solution, its behavior in highly
reducing environments and in severe localized crevice corrosion conditions was
still inferior to the 16% molybdenum containing alloy C-276. Details on the
development of alloy C-22 have been described elsewhere [30—32]. Research
efforts during the 1980s at Krupp VDM led to the most advanced alloy devel-
opment within the Ni—Cr—Mo family, alloy 59 [33, 34], which overcame the
shortcomings of both alloys C-22 and C-276. It also provided solutions to the
most severe and critical corrosion problems of the CPI, petrochemical, pollution
control, and other industries.

7.5.6 Alloy 59 (1990 to Present)

As is evident from the composition of the various alloys of the C family, alloy 59
has the highest chromium plus molybdenum content with the lowest iron content
of typically less than 1%. It is one of the highest nickel-containing alloy of this
family and is the purest form of a “true” Ni—Cr—Mo alloy without the addition of
any other alloying elements, such as tungsten, copper, or titanium. This “purity”
and balance of alloy 59 in the ternary Ni—-Cr—Mo system, is mainly responsible
for the alloy’s superior thermal stability behavior. The electron vacancy number,
which used to be an important parameter in the “Phacomp calculations” for alloy
development and for prediction of occurrence of various phases was later super-
seded by a recent and more precise “new Phacomp” methodology, proposed by
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TABLE 7.6 3M Study—Hazardous Waste Incineration
Scrubber Corrosion Data (1991 h)*

Alloy MPY? Remarks
59 1.1 Clean

686 5.4 Clean

C-22 6.7 Clean

31 7.1 Clean

622 12.1 Weld attack
C-276 35.1 Clean

625 58.6 Rough

825 117 Pitting

“Reference 34.
bTo convert to mm/y multiply by 0.025.

Morinaga et al. [35], also lends support to this phenomenon of superior thermal
stability of alloy 59. This is proven and discussed later.

7.5.7 Alloy 686 (1993 to Present)

This is another recent development in the C family of Ni-Cr—Mo-W alloys,
which is very similar in composition to alloy C-276, but where the chromium
level has been increased from 16 to 21%, while maintaining the Mo and W at
similar levels. This alloy is very overalloyed with the combined Cr, Mo, and
W content of around 41%. To maintain its single-phase austenitic structure, this
alloy has to be solution annealed at a very high-temperature of around 1220°C
followed by very rapid cooling to prevent precipitation of intermetallic phases.
Its thermal behavior, as discussed later, is significantly inferior to alloy 59 and its
performance in field tests in a hazardous waste incinerator at 3M Co., St. Paul,
Minnesota, showed five times higher corrosion rate than alloy 59 [34]. Table 7.6
presents this data comparing alloy 59 with alloy 686 and other alloys. Alloy 59
exhibited the best performance.

7.5.8 Alloy C-2000 (1995 to Present)

This is the most recent introduction in the C alloy family in which basically 1.6%
copper has been added to the alloy 59 composition. However, as shown later,
addition of copper has resulted in significantly lower thermal stability behavior
in comparison to alloy 59.

7.6 CORROSION RESISTANCE CHARACTERISTICS OF C ALLOYS

7.6.1 Uniform Corrosion Resistance

Table 7.7 gives the uniform corrosion resistance data of these alloys in various
boiling corrosive environments. The media are both oxidizing and reducing in
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TABLE 7.7 Comparison of Some Ni—Cr—Mo Alloys in Various Boiling
Corrosive Environments

Uniform Corrosion Rate (mpy)*

Media C-276 C-22 686 C-2000 59
ASTM 28A 240 36 103 27 24
ASTM 28B 55 7 10 4 4
Green Death 26 4 8 — 5
10% HNO; 19 2 — — 2
65% HNO; 750 52 231 — 40
10% H,SO4 23 18 — — 8
50% H,SO4 240 308 — — 176
1.5% HCl 11 14 5 2 3
10% HCl 239 392 — 176 179
10% H,SO + 1% HC1 87 354 — — 70
10% H,SO, + 1% HCI® 41 92 — — 3

“To convert to mm/y multiply by 0.0254.
b90°C.

TABLE 7.8 Critical Pitting and Crevice Corrosion
Temperature per ASTM G-48 (10% FeCls)

Alloy Cr Mo PRE‘ CPT(°C) CCT (°C)

C-22 21 13 65 >85? 58
C-276 16 16 69 >85 >85
686 21 16 74 >85 >85
59 23 16 76 >85 >85

“PRE = %Cr + 3.3(%Mo) + 30N.
> Above 85° the 10% FeCl; solution chemically breaks down.

nature and normally used for comparing the relative performance of alloys. As
is evident from this data, alloy 59’s overall performance is better than any other
C family alloy.

7.6.2 Localized Corrosion Resistance

Localized corrosion has caused more failures in the CPI than any other sin-
gle corrosion phenomena. Chromium, molybdenum, nitrogen, and to a lesser
extent tungsten contribute significantly to enhancing pitting and crevice corrosion
resistance of nickel base alloys. Table 7.8 shows the critical pitting and crevice
corrosion behavior of these alloys per American Society for Testing and Materi-
als (ASTM) G-48 (10% ferric chloride) test method. As is evident the lower
molybdenum containing alloy C-22 had significantly lower critical corrosion
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TABLE 7.9 Localized Corrosion Resistance in Green Death Solution
(11.5% H,S04 + 1.2% HC1 4+ 1% FeCl; + 1% CuCl,)

Alloy PRE CPT (°C) CCT (°C) Crevice Depth at 105°C (mm)
C-22 (13% Mo) 65 120 105 0.35

C-276 (16% Mo) 59 110 105 0.035

686 (16% Mo) 74 ~120¢ 110 —

C-2000 (16% Mo) 76 110 100 —

59 (16% Mo) 76 >120¢ 110 0.025

“Above 120°C, the green death solution chemically breaks down.

TABLE 7.10A Thermal Stability per ASTM G28A
after Sensitization at 1600°F (871°C)

Corrosion Rate (mpy)*

Sensitization C-276  C-22 686 C-2000 59

Annealed 240 36 103 27 24
l1h >500" >500®  872¢ 116° 40¢
3h >500" =500 >1000” 178"  51¢

“To convert to mm/y multiply by 0.0254.

b Alloys C-276, C-22, C-2000, and 686. Heavy pitting attack with
grains falling due to deep intergranular attack.

¢Alloy 59. No pitting attack.

temperature. This fact is again proven by data in Table 7.9 where the maxi-
mum depth of attack at 105°C in “green death” solution was 10 times greater
for alloy C-22 than for alloy C-276. In this test alloy 59 had the lowest depth of
crevice attack, showing the beneficial effects of its highest PRE number.

7.6.3 Thermal Stability

The superior thermal stability characteristics of alloy 59 are shown in Tables 7.10A
and 7.10B. The data clearly demonstrates the detrimental effects of tungsten and
copper on the thermal stability behavior of various alloys of the C family. Figure 7.2
shows the attack on the tungsten-containing Ni—-Cr—Mo alloy C22 after aging
at 1600°F for one hour. This phenomenon was also observed on other tungsten-
containing Ni—Cr—Mo alloys, C-276, and alloy 686 along with the copper-contain-
ing alloy C2000.

In the real world, during welding of heavy-walled vessels and/or hot forming
of heavy-walled materials, this phenomenon takes on an added importance in
maintaining the superior corrosion resistance behavior. Other corrosion resistance
data and information on physical metallurgy, fabricability, and weldability of
alloy 59 have been adequately covered elsewhere [36—38].
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TABLE 7.10B Thermal Stability per ASTM G28B
after Sensitization at 1600°F (871°C)

Corrosion Rate (mpy)*

Sensitization  C-276  C-22 686  C-2000 59

Annealed 55 7 10 4 4
1h >500" 339 17" >500° 4¢
3h >500° 3132 85" >500° 4¢

“To convert to mm/y multiply by 0.0254.

b Alloys C-276, C-22, C-2000, and 686. Heavy pitting attack with
grains falling due to deep intergranular attack.

¢Alloy 59. No pitting attack.

Alloy 22 Alloy 59

FIGURE 7.2 Influence of thermal stability on corrosion of alloy 22 and alloy 59 after
aging at 1600°F and tested in ASTM G-28B test solution (deep intergranular attack on
alloy C22. No attack on alloy 59).

7.7 APPLICATIONS OF C ALLOYS

The C family of alloys has found widespread application in chemical and petro-
chemical industries producing various chlorinated, fluorinated, and other organic
chemicals, agrichemicals, and pharmaceutic industries producing various bio-
cides, pollution control (FGD of coal-fired power plants, wastewater treatment,
incinerator scrubbers), pulp and paper, oil and gas (sour gas production), marine,
and many others.
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TABLE 7.11 Major Industries Using Alloy C-276/C-4

L Petroleum
Petroleum refining
Oils/greases
Natural-gas processing
IL. Petrochemical
Plastic
Synthetic organic fibers
Organic intermediates
Organic chemicals—chlorinated/fluorinated hydrocarbons
Synthetic rubber
III.  CPI—chemical process industries
Fine chemicals
Inorganic chemicals
Soaps/detergents
Paints
Fertilizer—agrichemicals—herbicides/pesticides
Adhesives
Industrial gases
IV.  Pollution control
FGD
Waste water treatment
Incineration
Hazardous waste
Nuclear fuel reprocessing
V.  Pulp and paper
VI.  Marine/seawater
VII. Pharmaceuticals
VIII. Sour gas/oil and gas production
IX. Mining/metallurgical

As mentioned earlier, the original alloy C is now obsolete, except for use in
some castings. In the last 35 years, approximately 60,000 tons of alloy C-276
and C-4 have been used in a variety of industries