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Preface to the Third Edition

Since the publication of the second edition in 2009, changes have occurred in the
fields of materials and manufacturing. Nanostructured and smart materials now
appear more frequently in products. Composites are now used in manufacturing
essential parts of civilian airliners and even the whole aircraft, as in the Boeing
787 Dreamliner. Biodegradable materials are increasingly used instead of traditional
plastics, as emphasis is placed nowadays on environment friendly products.
Companies manufacture more of their products in-house rather than outsourcing
them to ensure quality and reduce cost. These changes have been reflected in the
curricula and courses of materials and manufacturing in a variety of engineering
programs and schools.

Experience in using the second edition as a textbook for junior and senior engi-
neering students has shown that although they have completed a first course in mate-
rials, they still need practical information on the treatment, behavior, and use of
engineering materials in various applications. The appendices in Part IV have been
revised and expanded to provide such information.

Twenty-two new cases studies and design examples have also been added through-
out the book, as experience has shown that case studies are helpful in explaining
engineering concepts in addition to increasing student interest in the subject and
encouraging active learning. A list of expected outcomes has also been added at
the beginning of each part of the book to enhance the use of the third edition as a
textbook.

Several new sections have been added and the content of many others has changed
to reflect the recent developments in engineering materials and manufacturing. The
main new features in the third edition include the following:

* Using House of Quality (HOQ) as a tool for identifying customer needs and
relating them with the technical characteristics of the product (Chapters 1,
5, and 9)

» Taking environmental issues into consideration, including environmental
impact of products, environmentally responsible designs, environmen-
tal impact assessment of materials and processes, and recyclability issues
(Chapters 1, 5, and 8)

e Taking product safety and reliability issues into consideration, including
failure mode and effects analysis, design for Six Sigma, product reliability
and safety, and product liability legislation (Chapters 2 and 5)

e Using nontraditional and advanced materials in engineering products,
including the use of layered structures as a replacement for steel sheets and
polymers in mechanical design, and presenting the technical and economic
feasibility of using carbon nanotubes (Chapters 6, 9, 10, and 11)
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e Manufacturing considerations, including product manufacture in indus-
try, manufacturing processes selection, automation of manufacturing pro-
cesses, and computer-integrated manufacturing (Chapter 7)

e Selecting engineering products on the basis of benefit/cost ratio and cost-
effectiveness analysis (Chapter 8)

e Using MATLAB® in materials selection and materials substitution
(Chapters 9 and 10)

MATLAB® is a registered trademark of The MathWorks, Inc. For product informa-
tion, please contact:

The MathWorks, Inc.

3 Apple Hill Drive

Natick, MA 01760-2098 USA
Tel: 508-647-7000

Fax: 508-647-7001

E-mail: info@mathworks.com
Web: www.mathworks.com



Preface to the Second Edition

Introducing a new engineering product or changing an existing model involves
making designs, reaching economic decisions, selecting materials, choosing man-
ufacturing processes, and assessing its environmental impact. These activities are
interdependent and should not be performed in isolation from each other. This is
because the materials and processes used in making the product can have a large
influence on its design, cost, and performance in service. For example, making a part
from injection-molded plastics instead of pressed sheet metal is expected to involve
large changes in design, new production facilities, and widely different economic
and environmental impact analysis.

Experience has shown that in most industries it is easier to meet the increasing
challenge of producing more economic and yet reliable, aesthetically pleasing, and
environmentally friendly products if a holistic decision-making approach of concur-
rent engineering is adopted in product development. With concurrent engineering,
materials and manufacturing processes are considered in the early stages of design
and are more precisely defined as the design progresses from the concept to the
embodiment and finally the detail stage.

The objective of this book is to illustrate how the activities of design, materials
and process selection, and economic and environmental analysis fit together and
what sort of trade-offs can be made in order to arrive at the optimum solution when
developing a new product or changing an existing model.

The book starts with an introductory chapter that briefly reviews the stages of
product development in industry, recycling of materials, and life-cycle costing. The
subject matter is then grouped into three parts. Part I consists of three chapters,
which discuss the performance of materials in service. After a review of different
types of mechanical failures and environmental degradation, the materials that are
normally selected to resist a given type of failure are discussed. Part II consists of
three chapters, which deal with the effect of materials and manufacturing processes
on design. The elements of industrial and engineering design are first explained,
followed by a discussion of the effect of material properties and manufacturing pro-
cesses on the design of components. Part III consists of four chapters, which are
devoted to the selection and substitution of materials in industry. After a brief review,
the economics and environmental aspects of materials and manufacturing processes
as well as several quantitative and computer-assisted methods of screening are pre-
sented; comparing and ranking of alternative solutions and selecting the optimum
solution are also discussed. The final chapter presents five different detailed case
studies in materials selection and substitution.

The book is written for junior and senior engineering students who have com-
pleted a first course in engineering materials; however, first year graduate students
and practicing engineers will also find the subject matter interesting and useful. In
order to enhance the value of the text as a teaching device, a variety of examples and
open-ended case studies are given to explain the subject matter and to illustrate its
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practical application in engineering. Each chapter starts with an introduction, which
includes its goals and objectives, and ends with a summary, review questions, sug-
gestions for student projects, and selected references for further reading. SI units are
used throughout the text, but imperial units are also given whenever possible. Tables
of composition and properties of a wide variety of materials, conversion of units, and
a glossary of technical terms are included in the appendices. PowerPoint presenta-
tions and a solution manual are also made available to instructors.
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’I Product Design and
Development in the
Industrial Enterprise

1.1 INTRODUCTION

Product design and development involve interdisciplinary activities with contribu-
tions from different segments of an industrial enterprise including design, materials
and manufacturing, finance, legal, sales, and marketing. This is because in addition
to satisfying the technical requirements, a successful product should also be estheti-
cally pleasing, safe to use, economically competitive, and compliant with legal and
environmental constraints.

The total development effort depends on the complexity of the product, and proj-
ect teams can consist of a few people working for a few days or weeks on a simple
product like a hand tool to several hundred people working for several months or
even years on a complex product like a motorcar or an airplane. The cost of develop-
ment can range from a few hundred dollars for a simple product to millions of dollars
for a complex product.

A product usually starts as a concept that, if feasible, develops into a design and
then a finished product. While each engineering product has its own individual
character and its own sequence of development events, the following seven phases
can be identified in a variety of product design and development projects:

. Identification of needs, feasibility study, and concept selection

. System-level design, detail design, and selection of materials and processes
. Testing and refinement

. Manufacturing the product

. Launching the product

. Selling the product

. Planning for its retirement

e L R O R S

The overall goal of this chapter is to introduce the spectrum of activities that are
normally involved in different product development phases. The main objectives
are to

1. Review the main activities of identification of needs, performing a feasibility
study and selecting an optimum concept
2. Discuss the main stages of designing and manufacturing a product
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3. Discuss the main activities involved in testing and refining a new product
and then launching and selling it

4. Analyze the environmental issues that are involved in making a product
and in retiring it

5. Explain the concepts of life cycle costing and the product life cycle

Several of these activities will be discussed in more detail later in this book.

1.2 FEASIBILITY STUDY, IDENTIFICATION OF
NEEDS, AND CONCEPT SELECTION

A statement describing the function, main features, general shape, and essential fea-
tures of the product is normally followed by a feasibility study that addresses market
environment, customer views, technical specifications, economic analysis, as well as
social, environmental, safety, and legal issues.

1.2.1  MARKET RESEARCH

Market research involves a survey to evaluate competing products and their main
characteristics in addition to identifying the customer needs. Elements of the market
research include the following:

1. The range of features and technical advantages and disadvantages of the
existing products, the mechanism of their operation, and the materials and
processes used in making them.

2. Past and anticipated market growth rate and expected market share by value
and volume.

3. The number of companies entering and leaving the market over the past few
years and reasons for those movements.

4. The reasons for any modifications that have been carried out recently and
the effect of new technology on the product.

5. Patent or license coverage and what improvements can be introduced over
the existing products.

6. Profile of prospective customers (income, age, sex, etc.) and their needs in

the area covered by the product under consideration.

. Ranking of customer needs in the order of their importance.

. Product price that will secure the intended volume of sales.

. How long will it take for the competition to produce a competitive product?

10. What is the optimum packaging, distribution, and marketing method?

O 0

The preceding information is essential for determining the rate of production, plant
capacity, and financial and economic evaluation of the proposed product.

1.2.2 CustoMER NEEDS AND PRODUCT SPECIFICATIONS

Identification of needs and customer views is an important first step in the devel-
opment and design of a new product. The house of quality (HOQ) is a structured
process for translating customer requirements and market research into quantifiable
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product characteristics and specifications to be met by the product design. HOQ is a
diagram, resembling a house, and consists of six sections, as follows:

1. Voice of the customer is a list of customer requirements from the product.
These are usually gathered through conversations, opinion surveys, and
market research. Examples of such requirements are shown in Table 1.1 for
a cordless power drill for domestic use.

2. Prioritized customer requirements and the degree of customer satisfaction
with various competing products relative to the different requirements are
included in this section. This information is also based on opinion surveys
and market research.

3. Voice of the company can be a list of the technical parameters, product char-
acteristics, from the point of view of the manufacturer in terms of engineering
specifications. These include measurable quantities such as weight, dimen-
sions, level of noise, power consumption, and cost. For example, a specifica-
tion of “the total weight of the product must be less than 5 kg” can be based
on the customer need of a “lightweight product” and the observation that the
lightest competing product is 5 kg. Similarly, a specification of “average time
to unpack and assemble the product is less than 22 min” can be based on a
customer need of “the product is easy to assemble” and the observation that
the competing product needs 24 min to unpack and assemble.

The voice of the company can also include nontechnical parameters such as
look and feel of the product, fashion, the type of prospective customer, and the
culture of society in which the product will be sold. An example of the voice of
the company is shown in Table 1.1 for a cordless power drill for domestic use.

4. Interrelation matrix correlates the customer requirements with a technical
parameter based on inputs from sections 1, 2, and 3. The correlation between
one of the customer requirements and one of the engineering specifications
can be high (9 points), medium (3 points), low (1 point), or none (zero points).
For example, the padding thickness of a seat can have high correlation to
comfort (9 points), medium or low correlation to esthetic quality (3 or 1 point),
and no correlation to robustness of the seat (zero points). Table 1.1 shows an
example of the interrelation matrix for a cordless power drill for domestic use.

5. Correlation matrix, roof of the house, shows how the technical parameters
support or impede one another. When an improvement in one parameter
leads to an improvement in another, a (+) sign is given to indicate support.
On the other hand, when the improvement leads to deterioration in another
parameter, a (-) sign is given to indicate trade-off. The roof shows where a
design improvement could lead to a range of benefits and also focuses atten-
tion on the areas where compromises have to be made.

6. Design targets give the conclusions drawn from the data in the other sec-
tions of the HOQ. This section gives the relative importance of the techni-
cal parameters in meeting customer needs, compares the product with the
competition, and indicates the levels of performance to be achieved in the
new product. Table 1.1 shows an example of the design targets for a cordless
power drill for domestic use.
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TABLE 1.1
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TABLE 1.2
Concept-Screening Matrix

Selection Reference

Criteria Concept ConceptA  ConceptB  Concept C  Concept D
Criterion 1 0 - + + 0
Criterion 2 0 + + 0 0
Criterion 3 0 + + + -
Criterion 4 0 0 0 + -
Criterion 5 0 0 - - +
Total (+) 0 2 3 3 1
Total (-) 0 1 1 1 2
Total (0) 5 2 1 1 2
Net score 0 1 2 2 -1
Decision No Consider Consider Consider No

1.2.3 CoNcerT GENERATION, SCREENING, AND SELECTION

Product specifications are then used to develop different product concepts that sat-
isfy customer needs. Some of the concepts may be generated by the development
team as novel solutions, but others may be based on existing solutions or patents.
The different concepts are then compared to select the most promising option. The
Pugh method is useful as an initial concept-screening tool. In this method, a decision
matrix is constructed as shown in Table 1.2. Each of the characteristics of a given
concept is compared against a base/reference concept, and the result is recorded
in the decision matrix as (+) if more favorable, (-) if less favorable, and (0) if the
same. Concepts with more (+) than (-) are identified as serious candidates for further
consideration.

1.2.4 EcoNoMiIC ANALYSIS

The economic analysis section of the feasibility study normally provides an eco-
nomic model that estimates the development costs, initial investment that will be
needed, manufacturing costs, and income that will probably result for each of the
selected concepts. The economic analysis also estimates sources and cost of financ-
ing based on the rate of interest and schedule of payment. The model should allow
for a “what if”” analysis to allow the product development team to assess the sensitiv-
ity of the product cost to changes in different elements of cost.

1.2.5 SELECTING AN OPTIMUM SOLUTION

The final stage of the feasibility study identifies an optimum solution. Selection is
usually based on economics as well as technical specifications, since the product
is expected to satisfy the customer needs at an acceptable price. This process involves
trade-offs between a variety of diverse factors, such as
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TABLE 1.3

Concept Selection

Product Concept A Concept B Concept C
Specifications/ Weighted Weighted Weighted
Selection Criteria  Weight Rating Rating Rating Rating Rating Rating
Criterion 1 0.1 2 0.2 4 0.4 4 0.4
Criterion 2 0.2 4 0.8 4 0.8 3 0.6
Criterion 3 0.2 4 0.8 4 0.8 4 0.8
Criterion 4 0.3 3 0.9 3 0.9 5 1.5
Criterion 5 0.2 3 0.6 1 0.2 2 0.4
Total score 33 3.1 3.7
Rank Second Last First (optimum)

Note: Rating: 5, excellent; 4, very good; 3, good; 2, fair; 1, poor.

e Customer needs

e Physical characteristics of size and weight

e Expected life and reliability under service conditions

e Energy needs

* Maintenance requirements and operating costs

e Availability and cost of materials and manufacturing processes
e Environmental impact

¢ Quantity of production

e Expected delivery date

A quantitative method that can be used in concept selection gives weight to prod-
uct specifications according to their importance to the function of the product and
preference of the customer. The total score of each concept is determined by the
weighted sum of the ratings of its characteristics, as shown in Table 1.3.

The optimum solution should be acceptable not only to the consumer of the prod-
uct but also to the society in general. If other members of the community object to
the product, whether for legal or safety reasons, causing harm to the environment, or
merely because of social customs or habit, then it may not be successful. This part of
the study requires an understanding of the structure and the needs of the society and
any changes that may occur during the intended lifetime of the product. The follow-
ing case study uses a hypothetical product—the Greenobile—to illustrate how the
issues discussed in concept development and feasibility studies may apply in practice.

Case Study 1.1: Developing the Greenobile

A motorcar company is considering the introduction of an inexpensive,
environment-friendly, two-passenger (two-seater) model. The idea behind this
product is based on the statistics that in about 80% of all trips, American cars



Product Design and Development in the Industrial Enterprise

carry no more than two people, and in a little more than 50% of all trips, the
driver is alone. Such cars will be predominantly driven in city traffic, where the
average vehicle speed is about 55 km/h (30 mph).

Market Research

Market research is carried out through interviews and discussions with focus groups
of 8—12 prospective customers. The questions discussed include the following:

1. Frequency of driving the car, how far is each journey on an average,
expected distance traveled per year, and expected life of the car

2. Esthetic qualities: main preferences for body styling and look, number

of doors, number of wheels, etc.

. Level of comfort on a bumpy road

. Ease of handling and parking

5. Safety issues including stability on the road, especially when turning
around sharp corners

6. Expected cost

AW

Based on the market research, the following customer needs were identified:
safe to drive, economical to run, reaches city speed limit quickly, easy to
park, nice to look at, comfortable to drive, easy to get in and out of the car,
spacious trunk, seats two adults, long life, and inexpensive. The importance
of each need to the customers was also identified and allocated as weights,
with five as most important and one as least important. These needs and their
weights are placed on the left-hand side of the HOQ, voice of the customer,
in Table 1.4.

The technical parameters, product characteristics, from the point of view of
the car manufacturer, voice of the company, are listed in the upper part of HOQ,
in Table 1.4 as engineering specifications. The main characteristics of the car are
correlated to the customer needs in the interrelation matrix in the middle section
of Table 1.4. Nine points are allocated to a strong correlation between a customer
requirement and a product characteristic, three points for medium correlation,
and one point for low correlation. The importance of each product characteristic
is then calculated as the sum of the multiplications of correlation factors times
the weight of the corresponding customer need. Targets for improvement to be
achieved by the car design team are also included in Table 1.4. The information
gained from the HOQ will now be used to compare design concepts and select
an optimum concept.

The Greenobile development team came up with three concepts that satisfy
the product specifications listed in the HOQ:

Concept A is a sedan with a hard roof, four wheels, two seats side by side,
hybrid drive (internal combustion engine and batteries), expected life
5 years, expected weight 850 kg, acceleration from O to 90 km/h 15 s,
higher level of comfort, and expected cost $18,000.



Using the HOQ to Correlate Customer Requirements with Technical Characteristics for the Greenobile

TABLE 1.4
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Concept B is a sedan with a hard roof, three wheels (one in front and two in
the back), two seats side by side, rechargeable battery-operated engine,
expected life 4 years, expected weight 800 kg, acceleration from 0 to
90 km/h 25 s, medium level of comfort, and expected cost $15,000.

Concept C is a sedan with a movable roof, three wheels (one in front and two
in the back), two seats one behind the other, rechargeable battery-operated
engine, expected life 4 years, expected weight 750 kg, acceleration from
0 to 90 km/h 20 s, lower level of comfort, and expected cost $12,000.

Concept Selection

Table 1.5 gives the technical requirements, targets, and their relative importance
as given in the HOQ. The table also gives the ratings relative to the target val-
ues and the weighted ratings for concepts A, B, and C. The weighted ratings
are obtained by multiplying the relative importance times the ratings relative
to targets. The total score for each concept is the added values of the individual
weighted ratings.

Conclusion

The results of Table 1.5 indicate that concept A is the optimum solution by a
small margin with concepts B and C of equal score. The points in favor of con-
cept A are the styling, larger trunk space, longer life, the flexibility of hybrid
drive, and greater comfort. With these advantages, the higher price and longer
length are justified. Figure 1.1 shows the model of the car developed using the
selected concept.

1.3 SYSTEM-LEVEL DESIGN

The product specifications of the selected concept are translated to system-level
design, which gives a broad description of the product’s appearance and architecture
in addition to technical specifications and functions. Appearance and architecture
are in the realm of industrial design, which is concerned with the esthetic qualities
(visual and tactile) in addition to product-human interface, ease of use and main-
tenance, and safety features. Technical specifications and function are in the realm
of engineering design, which is concerned with the level and type of technology
on which it is based, performance under service conditions, efficiency, energy con-
sumption, and environmental issues.

A simple product that consists of a few parts can usually be easily drawn sche-
matically to illustrate its appearance and function. More complex products, however,
need to be divided into subsystems or subassemblies, each of which performs part of
the total function of the product. The product architecture in this case can be sche-
matically represented by blocks representing the different subassemblies and how
they interact together to perform the total function of the product. At this stage, it
may be appropriate to perform a make-or-buy decision to determine whether a sub-
assembly is to be manufactured specially for the product or if there is a ready-made
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FIGURE 1.1 The Greenobile.

standard alternative. Examples of functional subassemblies in a motorcar include the
engine, steering and brake system, and electric system.

Each of the subassemblies that need to be manufactured is then divided into com-
ponents that can be fitted together to perform the function of that subassembly. The
function of each of the components is then identified and its critical performance
requirements determined. These requirements are then used to define the material
performance requirements. The following example illustrates these concepts.

Case Study 1.2: Planning for a New Model of a Household Refrigerator

Based on market survey, a medium-sized manufacturer of household refrigera-
tors is considering the production of a new model based on the established con-
cepts of other models already in production by the company. To plan for the
manufacture of the new model, decisions need to be made on which components
are to be made in-house and which to be bought from outside vendors.

Figure 1.2 gives a breakdown of the refrigerator into major subassemblies,
subassemblies, etc. Some of the subassemblies or parts are obviously bought
from specialized outside manufacturers, including the motor—pump unit and the
electric system. Some of the subassemblies that will be manufactured in-house
include the refrigerator body and door, as well as the cooler and condenser sub-
assemblies. Some parts of the control system, however, may present an option.
The company policy to specialize and concentrate its efforts and skills in one
basic line rather than diversify may favor buying the control system from a spe-
cialized supplier. However, factors such as quality and reliability of supply may
rule in favor of manufacturing some parts in-house.

For the subassemblies that will be manufactured in-house, a list of compo-
nents, detail designs, bill of materials, sequence of manufacturing processes,
and estimates of processing and assembly times are normally needed. A master
production and purchasing schedule is then prepared to ensure that materials,
parts, and subassemblies are available when needed.
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Assembled Household
product refrigerator
Major Electric and Refrigeration Body and
subassemblies control system system door
Subassemblies Control Electric Cooler/ Motor/ Body Door
system system condenser pump
Thermostat [ Cables Cooler unit Electric - Metal - Metal
Sub- i Relays Switches Condenser motor case case
subassemblies E . .
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Temperature | Light unit Expansion L L
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- Trays seals
= Thermal - Ther mel
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FIGURE 1.2 Breakdown of a household refrigerator into major subassemblies, subassem-
blies, and sub-subassemblies.

1.4 DETAIL DESIGN AND SELECTION OF
MATERIALS AND PROCESSES

As progress is made from product specifications to system-level design and then
to detail design, the tasks to be accomplished become more narrowly defined. In
the detail design stage, the focus is on static and dynamic forces and their effect
on the performance of the component under the expected service conditions. This
latter task requires thorough knowledge of how materials behave in service and
what processes are needed to achieve the final shape of the component. Behavior of
materials in service is discussed in Part I, and the effect of materials and processes
on design is discussed in Part II. A two-step process may be used in developing the
final detail design and deciding on the materials and processes: configuration and
final detail design.

1.4.1

In the configuration, or embodiment, design stage, a qualitative sketch of each
part is first developed giving only the order of magnitude of the main dimensions
and the main features: wall, bosses, ribs, holes, grooves, etc. The material perfor-
mance requirements are used to narrow down the field of possible materials and
processes to a few promising candidates. In many cases, the different performance
requirements that have to be met by a given part present conflicting limitations on the
material properties. For example, the material that meets the strength requirements
may be difficult to manufacture using the available facilities, or the material that
resists the corrosive environment may be too expensive. To resolve such problems,

CONFIGURATION (EMBODIMENT) DESIGN
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compromises or trade-offs have to be made. Quantitative methods of selection can
be helpful in ranking the candidate combinations of materials and processes, as dis-
cussed in Part I1I.

At this stage, make-or-buy decisions are made on whether to manufacture the
component specially for this product or to use a standard part that is purchased from
an external supplier.

1.4.2 FiNAL DetaiL DEsIGN

If more than one combination of material and process prove to be viable, then each
of the candidate combinations is used to make a detail design. Each of the detail
designs should give complete specification of geometry, tolerance, material treat-
ment, weight, material and manufacturing cost, etc. A final detail design is then
selected based on technical performance and economic value.

The design and material selection for a subassembly that contains several
components can be complicated by the fact that a well-matched combination of
components needs to be found. It is not sufficient that each individual part is
well designed, but the assembled components should function together to achieve
the design goals. The issue of successfully matching a group of components
should also be addressed when redesigning a component in an existing subas-
sembly. If the material of the new component is too different from the surround-
ing materials, problems resulting from load redistribution or galvanic corrosion
could arise, for example. A detailed account of material selection and substitution
is given in Part III.

1.4.3 DesioN Reviews

Design reviews represent an important part of each phase of the design process.
They provide an opportunity to identify and correct problems before they can seri-
ously affect the successful completion of the design. The design review teams nor-
mally have representatives from the materials and manufacturing, quality control,
safety, financial, and marketing areas. This ensures that the design is satisfactory
not only from the performance point of view but also from the manufacturing, eco-
nomic, reliability, and marketing points of view.

1.5 TESTING AND REFINEMENT

The testing and refinement phase is normally carried out as part of the R&D function
of the company. A first prototype (alpha) is usually built from parts with the same
geometry and material as the final product but not necessarily using the same manu-
facturing processes. Alpha prototypes are tested to ensure that the product works as
intended and that it satisfies its main requirements. After modifications, a second
prototype (beta) may be built to ensure reliability of the product and to measure its
level of performance. Potential customers may also be involved at this stage to incor-
porate their feedback in making the final product.
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1.6 LAUNCHING THE PRODUCT

Launching the product covers the activities of planning and scheduling, manufactur-
ing the product, marketing, and arranging for after-sales services. This stage is best
organized on the basis of planning and scheduling schemes, which are drawn to meet
the product delivery times, as discussed in this section.

1.6.1 PROJECT PLANNING AND SCHEDULING

Engineering projects and activities normally have a series of deadlines that are set
to meet a final completion or delivery date as part of a contract with penalties for
not finishing on time. To avoid delays and in view of the complexity of many of the
engineering projects, planning and scheduling should play an important role in proj-
ect development. The first step in planning is to identify the activities that need to
be controlled. The usual way to do that is to start with the entire system and identify
the major tasks. These major tasks are then divided into sections, and these in turn
are subdivided until all the activities are covered. The following simple example
illustrates this process.

Case Study 1.3: Planning for Installation of an Injection Molding Machine

Task

Establish and plan the activities involved in installing and commissioning an
injection molding machine for plastics.

Analysis

The activities involved in installing and commissioning the machine can be
divided into three major sections:

1. Site preparation
2. Installation
3. Preparation of the machine for production

The foregoing major activities can be divided into the simple activities shown
in Table 1.6. The sequence in which the activities should be performed and the
time required to complete each activity are also included. Figure 1.3 shows the
sequence of the activities on a bar chart or Gantt chart.

The bar, or Gantt, chart shown in Figure 1.3 is one of the many analytical tech-
niques that have been developed to facilitate the planning and scheduling of a large
number of activities that are usually involved in industrial projects. Using network
planning models makes it possible to locate the activities that are critical and must
be done on time and the activities that have schedule slack. The critical path method
(CPM) and the program evaluation and review technique (PERT) are widely used
network planning models. Some references that give detailed accounts of project
planning and scheduling techniques are provided in the bibliography.
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TABLE 1.6
Installing and Preparing an Injection Molding Machine for Operation
Immediate
Major Task  Activity Description Predecessor  Time (h)
I a Excavate foundation — 5
b Pour concrete in foundation a 2
c Unpack parts — 3
I d Place machine body on foundation b, c 2
e Level machine body d 1
f Assemble rest of the machine parts c,e 3
g Connect electric wiring 1
h Connect cooling water and drainage 2
I i Install injection molding die g.h 3
j Calibrate temperature controller i 2
k Place plastic pellets in hopper f 1
1 Adjust plastic metering device 1
m Perform experimental runs j»1 2
Activity Time (&)
1I 2I 3I 4| 5I 6I 7I 8I 9I 10I 11I 12I 13I 14I 15I 16I 17I 18I 19I 20I 21I 22
a Ay
b NN
c NN\
d R
e NW
£ NN
g XY
h RN
i NN
j Y
k A\
l m
m Y

FIGURE 1.3 Bar chart describing the activities of installing and preparing an injection
molding machine for operation. See Table 1.6 for a description of the activities.

1.6.2 MANUFACTURING

The sequence of manufacturing processes is first established for each part of the
product and recorded on a process sheet. The form and condition of the mate-
rial, as well as the tooling and production machines that will be used, are also
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Process sheet Page 1 of 3 pages
Written by M.M.F. Order no. 1844 Dwg no. 12
Date 1/3/88 Date 1/1/88 Pcsreq’d 30 | Patt.no.5
Enters assembly x-23 loader Part name 250 mm pulley
at stage 6
Material condition Rough weight Finish weight
Gray CI, ASTM A48-74 35, 245 BHN 15 kg 12 kg
Oper. - Set-up | Cycle | Mach.
no. Description time (h) | time (h) no.
10 Turn O.D. of body and flanges, face hub 0.5 0.5 L-2

speed 200 rpm, feed 0.25 mm per rev
tool no. TT-25

20 Turn bore and face other side of hub 06 03 L2
speed 200 rpm, feed 0.25 mm per rev
tool no. TT-25

30 Drill and tap 2 holes, 10 and 12 mm diameter 0.3 0.2 D-1
standard metric thread M10 and M12

FIGURE 1.4 Example of a simple process sheet.

recorded on the process sheet. An example of a simple process sheet is shown in
Figure 1.4. Allocating established standard times and labor costs for each opera-
tion, the information in the process sheets is used to estimate the processing time
and cost for each part. Further discussion of cost estimation in manufacturing is
given in Chapter 8. The information in the process sheets is also used to estimate
and order the necessary stock materials; design special tools, jigs, and fixtures;
specify the production machines and assembly lines; and plan work schedules and
inventory controls.

Before starting large-scale production, a pilot batch is usually made to test the
tooling and familiarize the production personnel with the new product and also to
identify outstanding problems that could affect the efficiency of production.

1.6.3 Quauty CoNTROL

Quality control represents an important activity in manufacturing. It could vary
from 100% inspection of produced parts to statistical sample inspection, depending
on the application and the number of parts produced. In some applications, it may be
necessary to test subassemblies and assemblies to ensure that the product performs
its function according to specifications.
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1.6.4 PACKAGING

Packaging is meant to protect the finished product during its shipping to the con-
sumer. Secondary functions of packaging include advertising and sales appeal,
which are important aspects of marketing the product, especially in the case of con-
sumer goods.

1.6.5 MARKETING

The marketing personnel should be involved in the various stages of product devel-
opment to allow them to develop the publicity material that will help in selling the
product. In addition to publicity material, installation and maintenance instructions
need to be prepared and distributed with the product. Clear installation, operation,
and maintenance instructions will make it easier for the user to achieve the optimum
performance of the product.

1.6.6  AFTER-SALES SERVICE

Most products require either regular or emergency service during their useful life.
The accuracy and speed of delivering the needed service and the availability of
spare parts could affect the company’s reputation and the sales volume of the prod-
uct. Feedback from the user is an important factor to be considered in making an
improved version of a product and in developing a new product.

1.7 SELLING THE PRODUCT

In a free enterprise, the price of goods and services is ultimately determined by
supply and demand. Typical supply and demand curves are illustrated in Figure 1.5.
The demand curve shows the relationship between the quantity of a product that
customers are willing to buy and the price of the product. The supply curve shows
the relationship between the quantity of a product that vendors will offer for sale
and the price of the product. The intersection of the two curves determines both
the quantity “n” and the price “p” of the product in the free market. The concept of
supply and demand is important in engineering economy studies, since proposed
ventures frequently involve action that will increase the supply of a product or
influence its demand. The effect of such action upon the price at which the product
can be sold is an important factor to be considered in evaluating the desirability
of the venture.

In some cases, a product is meant to compete directly with the existing products.
In such cases, the selling price is already established, and the problem is to work
backward from it to determine the cost of each of the product elements. This proce-
dure is sometimes called design to cost. An understanding of the elements that make
up the cost of a product is, therefore, essential in ensuring that the product will be
competitive economically as well as technically. There are numerous examples of
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FIGURE 1.5 Schematic representation of typical supply and demand curves.

products that exhibit excellent performance but possess little economic merit and
consequently have not been adopted commercially. In almost all cases, the value of
engineering products lies in their utility measured in economic terms. This means
that the selling price has to be low enough to be competitive but sufficiently high for
the company to make a profit, as illustrated in Figure 1.6.

1.7.1 Cost ofF ProbucT ENGINEERING

Figure 1.6 shows the elements of the cost of product engineering, which covers
the direct cost of labor and materials required to prepare the design and drawings,
to perform development work and experiments, and to make tools or dies for the
different parts of the product. The cost of product engineering is usually charged
to the number of products to be sold within a given period. Each department has
direct labor and overhead rates per hour for each class of work charged to the
product.

1.7.2  AcTtuAL MANUFACTURING CoOST

As shown in Figure 1.6, the actual manufacturing cost covers direct materials
that form part of the product in measurable quantities. The quantities of direct
materials required as well as sizes are normally recorded on bill of materials or
on process sheets. The quantities should be gross, which include necessary allow-
ance for waste and scrap. For example, the quantity of bar stock required for a part
should be indicated in units of length to cover the length of the part plus the length
of the cutoff.
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A A A
Product and tool design
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Cost of
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FIGURE 1.6 Factors involved in determining the selling price of a product.

Indirect materials include materials used in quantities too small to be readily iden-
tified with units of product. Examples include cutting oils, solders, and adhesives.
Such items are considered as shop supplies. A credit should be included to account
for recycled scrap or by-products that are sold elsewhere. Labor may be defined
as the employment costs, wages, and other associated payments of the employees
whose effort is involved in the fabrication of the product.

Manufacturing expense, or overhead cost, covers all the other costs associ-
ated with running a manufacturing company. Examples of manufacturing expense
include salaries and fringe benefits of company executives, accounting personnel,
purchasing department, and R&D. Other overhead expenses include depreciation,
taxes, insurance, heating, light, power, and maintenance. Chapter 8 discusses the
cost of materials and processes in more detail.
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1.7.3  SALES EXPENSE AND ADMINISTRATIVE COST

The sales expense covers the cost of distribution as well as the cost of advertising and
marketing the product. Administrative expenses can be treated in a similar manner
to manufacturing overheads.

1.7.4  SELLING PRICE

The cost of product sold, as shown in Figure 1.6, is the total cost of product engineer-
ing, manufacturing, selling, and administration. An amount of profit is then added to
this total cost to arrive at the selling price. The net profit to the company that results
from selling a certain number of units of the product per year can be calculated as

Net profit = (number of unitsx profit per unit) —income taxes

Income taxes are usually calculated as a certain percent of the total profits.

1.8 PLANNING FOR RETIREMENT OF THE PRODUCT
AND ENVIRONMENTAL CONSIDERATIONS

The final step in the product development cycle is disposal of the product when it has
reached the end of its useful life. In the past, little attention was paid to this stage,
and the retired product was just abandoned or used for landfill. However, increasing
environmental awareness, increasing cost of energy and raw materials, and tighter
legislation have made it necessary for product development teams to consider reuse,
ease of scrap recovery, recycling, and disposal costs when designing new products.
The sustainable product development approach attempts to minimize the impact of
a product on the environment during its life cycle. To inform the public whether a
certain product is environmentally friendly, different kinds of environmental label-
ing have been developed by various agencies, including the blue Energy Star that
is awarded to appliances that meet the strict energy efficiency criteria set by the
Environmental Protection Agency (EPA) in the United States and the EU Ecolabel
of flower with 12 stars that is awarded by the European Union according to environ-
mental criteria agreed on by experts, industry, consumer organizations, and environ-
mental NGOs at European level.

The life cycle assessment (LCA) method can be used to evaluate the environmen-
tal impacts associated with the various stages starting with the mining and extraction
of materials, manufacturing of components and assembling them into products, using
or operating to products during its service life, and finally the end of life and disposal
phases, as shown in Figure 1.7. LCA will be discussed in more detail in Chapter 8.

1.8.1 RECYCLING OF MATERIALS

Table 1.7 compares the unit energy for production of some metals from the ore (pri-
mary metal) and from scrap (secondary metal). The table shows the energy savings
that result from recycling, especially in the case of nonferrous metals. Figure 1.7
shows how recycling fits in the total material cycle.
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FIGURE 1.7 The place of recycling in the total material cycle.

1.8.2 SOURCES OF MATERIALS FOR RECYCLING

The processes involved in recycling materials depend on their type and source. For
example, in the manufacturing industries, the sources of metallic scrap are mainly
turnings and borings from the machine shop, punchings and skeletons from the
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TABLE 1.7
Energy Used for the Production of Some
Engineering Materials

Primary Metal Secondary Metal

Metal GJ/t % GJ/t % of Primary Metal
Mg 370 100 10 2.7

Al 350 100 15 4.3

Ni 150 100 15 10

Cu 120 100 20 17

Zn 70 100 20 29

Pb 30 100 10 33

Steel 35 100 15 43

Source: Data based on Boyer, HE. and Gall, T.L., ASM
Metals Handbook—Desk Edition, ASM International,
Materials Park, OH, 1985, p. 31.5.

press shop, trimmings from the forging shop, and sprues and gates from the foundry.
Another source for recycling is materials recovered from used products, such as
worn-out machinery or discarded packages. Salvaging materials from the latter
source is more complex. This is because the different materials have to be collected
from various sources and sorted to separate the different materials, which are sent to
the appropriate secondary manufacturer.

1.8.3 INFRASTRUCTURE FOR RECYCLING PACKAGING MATERIALS

Recycling of materials involves a series of interrelated activities. This is called recy-
cling infrastructure, starting with the individual consumer and ending with material
producer mill. For recycling to work effectively, the various activities involved must
be coordinated. Collection can be an expensive step, especially in the case of plastic
containers that occupy a large volume but a small fraction of the total weight of recy-
cled materials. The method of collection depends on the community and includes
curbside programs, voluntary drop-off or buyback centers, and resource recovery
facilities.

Curbside collection follows the traditional form of refuse pickup, while voluntary
drop-off centers involve consumers bringing the recyclable items. Resource recovery
facilities are repositories for all postconsumer solid waste in which recyclables are
sorted and the waste is used to create either fuel (refuse-derived fuel) or energy by
burning directly at the facility (waste to energy).

1.8.4 SORTING

Identification and sorting of the various materials for recycling are not always easy,
and the lack of proper identification is often a source of contamination and loss of
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FIGURE 1.8 Examples of the symbols used to help in sorting materials for recycling.

quality in recycled materials. Identification of materials in the recycling industry is
usually based on the following:

* Color: For example, copper is reddish, brasses are light yellow, and zinc
alloys are bluish or dark gray.

* Weight: For example, the specific gravity of aluminum and its alloys is
about 2.7, steels about 7.8, copper about 8.7, and lead about 11.3.

e Magnetic properties for separating steels from other materials.

* Spark testing: For example, when subjected to high-speed grinding wheel,
carbon steels produce heavy dense sparks that are white in color with bursts
that depend on the carbon content, but nickel-based alloys emit thin short
sparks that are dark red in color.

To help consumers in identifying the various packaging materials so that they may
participate in sorting, the symbols shown in Figure 1.8 are printed or embossed into
the containers.

1.8.5 ScRrRAP PROCESSING

After sorting, recyclable materials are sold to secondary material producers or inter-
mediate processors for remelting and processing into finished products. The processes
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and equipment used for processing scrap vary widely depending on its nature, which
can range from aluminum cans and plastic bottles to large machinery and motorcars.

1.8.6 RECYCLABILITY OF MATERIALS

Recyclability of a material is defined as the ease with which it can be collected, sepa-
rated, reprocessed, and reused for manufacturing a new product. Generally, metals
and alloys have high recyclability since they can be remelted and reused with little
or no loss of quality. Glass also has high recyclability as cullet, or broken glass,
and easily substitutes for primary materials. However, rubber has lower recyclability
since vulcanizing is an irreversible process that precludes reprocessing in the origi-
nal form. Composites and laminated products also have lower recyclability as it is
difficult to separate the different materials used in making them. Economic issues
related to recycling are discussed in Chapter 8.

1.9 PRODUCT MARKET CYCLE

The product market cycle is defined as the length of time between its appearance on
the market for the first time and the time when the company decides to stop its pro-
duction. The market cycle of a product may vary from a few months to several years
depending on its nature, competition, economic and social climates, as well as politi-
cal decisions. Examples of products that normally have a relatively short market cycle
are found in the clothing and toy industries where the main determining parameters
are fashion and consumer desires. Other examples are found in the electronic and
computer industries where technological development is relatively fast and competi-
tion pressures are high. In contrast, machines for power generation and production as
well as similar heavy equipment have a relatively long market cycle, which is deter-
mined mostly by the relatively slow advances in their well-established technology.

The market cycle of a successful product can generally be represented by a curve
similar to that shown in Figure 1.9. The sales are low in the introduction stage and
gradually increase as the product gradually gains the acceptance of an increasing
number of consumers. As the product reaches maturity, the production rates and
sales volume reach the design values. While the initiation and growth stages should
be as short as possible, the maturity stage should be prolonged. That is because dur-
ing this stage production rates are most efficient, the investment used in the product
development is recovered, and most profits are made.

As shown in Figure 1.9, there is a time lag between sales and profit. Heavier invest-
ments in product development will take longer to recover, which means a longer time
lag. To prolong the maturity stage, efforts should be made to develop new markets by
adopting new marketing strategies. Introducing an improved version of the product
can also prolong its life cycle. This can be achieved by introducing design modifica-
tions or employing new materials or manufacturing processes. This could improve
efficiency or extend the use of the product to new applications and environments.

Eventually, social change, appearance of other competitive products, or techno-
logical advances make the product less competitive causing the sales to decrease
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FIGURE 1.9 Market cycle of a product.

and the product to reach the decline stage. When the sales volume causes the pro-
duction to reach uneconomical rates, the product is normally discontinued, thus
ending its market cycle.

110 SUMMARY

1. Ideally, product development is performed by an interdisciplinary team
with representatives from different segments of an industrial enterprise
including engineering design, materials and manufacturing, finance, legal,
sales, and marketing. This is because in addition to satisfying the technical
requirements, a successful product should also be esthetically pleasing, safe
to use, economically competitive, and compliant with legal and environ-
mental constraints.

2. The activities involved in product development include seeking consumer
views and translating them into technical requirements, developing con-
cepts and performing feasibility study, performing system-level design,
developing detail design and selecting materials and processes, testing and
refining a prototype, launching the product, and selling the product. The
HOQ approach makes it easier to correlate customer needs with product
technical characteristics.

3. The selling price of a product is determined by the cost of product engineering
(design, R&D, testing, and refinement), manufacturing cost (material and labor
costs), sales expense and administrative cost, income taxes, and net profit.
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4. Because material industry consumes a considerable amount of energy in

making its products, it is no longer acceptable that engineering materials
are used and then discarded in landfills. Better alternatives include waste
reduction and recycling. Efficient recycling needs an infrastructure for sort-
ing and scrap processing.

. The market cycle of a product consists of an introduction stage, a growth

stage, a maturity stage in which the production rates and sales volume
reach the design value, and decline where sales decrease, leading to the end
of the market cycle of the product. Because most profits are made during
the maturity stage, it should be prolonged by developing new markets and
introducing design modifications.

REVIEW QUESTIONS

11

1.2

1.3

1.4

1.5

1.6

Select one of the following items and, using HOQ approach, list five or more
customer requirements and at least five technical characteristics. Construct a
correlation matrix between customer requirements and technical characteris-
tics and calculate the relative weights of the different technical characteristics:
a. Racing bicycle
b. Stepladder for domestic use
. Cordless drill for domestic use
. Computer mouse
. Refrigerator for household use
f. Wheel chair for the disabled
Select a product that you would like to produce if you had your own com-
pany. Follow a procedure similar to that outlined for the Greenobile car in
Case Study 1.1 in deciding on the selection criteria, setting the specifications,
developing the concepts, arriving at the relative importance of the selection
criteria, and finally selecting an optimum concept.
Survey the market and identify two different concepts for devices to open
corked bottles. Compare the concepts on the basis of (a) the force needed to
remove the cork, (b) whether the cork can be reused to reseal the bottle, (c)
appearance and esthetic qualities of the device, and (d) cost of the device.
Which concept would you select and why? Suggest ways to improve the con-
cept that you did not choose to make it more competitive.
Carry out the analysis in Question 1.3 but for devices that help in removing
jar lids.
A dairy producer near a large city is considering different expansion schemes
for their fresh milk department. Among the various alternatives are (a) door-
step delivery and (b) delivery to supermarkets in the city. Compare the feasi-
bility of each alternative scheme.
The previously mentioned dairy producer is also considering different materi-
als for packaging their product. Among the alternative materials are reusable
glass bottles, plastic containers, and multilayer carton packages. Compare the
advantages and limitations of each material. Which material will be most
suitable for (a) doorstep delivery and (b) supermarket delivery?

o 0
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1.7 A group of new engineering graduates are thinking of starting a small business in
manufacturing educational toys. What are the steps that they need to take before
they can start production? Assume a reasonable development time for the project
and draw a Gantt chart to show the time relations between the different activities.

1.8  What is the sequence of events involved in building, decorating, and furnish-
ing a house with a small garden? If the total time for building, decorating,
and furnishing the house is 18 months, draw a Gantt chart to show the time
relations between the different events.

1.9  Explain what is meant by sustainable development and show how it is influ-
enced by recycling of materials.

1.10 Compare the use and recyclability of teacups made of china, glass, melamine,
and Styrofoam.

1.11 Compare the use of porcelain and plastics in making soup dishes.

1.12 Discuss the use of composite laminates in fruit juice packaging.

1.13 Collect 10 simple items that are in daily use:

e Draw a neat sketch of the item showing its main dimensions.

 Identify/guess the material out of which they are made.

e What is the expected life of each item?

e Are there any other uses for any of the items after its useful life?

e Determine the amount of energy that may be saved by recycling.

* Classify the items according to the ease with which they can be recycled
as excellent, very good, good, fair, or poor.

* Suggest changes that may improve the recyclability of the items.
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CLASSES OF ENGINEERING MATERIALS

Modern engineers have a great and diverse range of materials at their disposal.
These materials can be conveniently classified into ferrous and nonferrous metals
and alloys, nonmetallic organic and inorganic materials, composite materials, and
semiconductors. Part IV discusses the different classes of engineering materials,
and Figure P.1 gives a graphic representation of the classification. Part IV also gives
some properties of widely used engineering materials. Examples of materials within
each of the classes include the following:

Ferrous metals and alloys: carbon steels, high-strength low-alloy steels, high-
alloy steels, stainless steels, gray cast irons, nodular cast irons, etc.

Nonferrous metals and alloys: light metals and alloys (Al, Mg, and Ti), copper
and zinc and their alloys (brasses, bronzes, and zamak), low melting point metals
and alloys (Pb, Sn, Bi, Sb, Cd, and In), precious metals (Au, Pt, and Ag), refractory
metals (W, Mo, Ta, and Nb), nickel and alloys, superalloys (Fe-Ni based, Ni based,
and Co based), etc.

Organic nonmetallic: thermoplastics (polyethylene, polystyrene, vinyls, polypro-
pylene, acrylonitrile—butadiene—styrene [ABS], acrylic, nylon, acetals, polycarbon-
ate, fluoroplastics, polyesters, polyurethane, cellulosics, polyester ether ether ketone
[PEEK], polyethylene terephthalate [PETE], and polymethylmethacrylate [PMMA]),
thermosetting plastics (phenolics, epoxy, polyester, silicone, urea, and melamine),
elastomers (natural rubber, neoprene, butyl rubber, styrene butadiene rubber, and
silicone elastomers), natural materials (wood, cork, and bamboo), etc.
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Inorganic nonmetallic materials: refractory ceramics (oxides, carbides, and
nitrides), whitewares, clay products, glasses (fused silica, soda-lime, lead glasses,
borosilicates, and glass ceramics), bricks, stone, concrete, etc.

Composite materials: polymer—matrix composites (CFRP, GFRP, KFRP, CNTRP,
NFRP, laminated composites, and sandwich materials), metal-matrix composites
(SAP, aluminum—graphite composites, Al-SiC composites, and TD nickel), etc.

Semiconductors: Semiconductors have electric properties that are intermediate
between the conducting metallic materials and the insulating nonmetallic materials.
Small concentrations of impurity atoms in semiconductors are known to have
substantial effect on their characteristics. Members of this group include single-
crystal silicon, germanium, and gallium arsenide. Organic semiconductors are
recent important additions to this group.

High-performance materials have been developed to meet the more challenging
demands of modern technology applications, such as space travel, biomedical appli-
cations, and electronic products. Nanostructured materials exhibit unusual mechani-
cal, electric, magnetic, or optical properties and can be metals, ceramics, polymers,
or composites whose structures contain features smaller than 100 nm. Carbon nano-
tubes (CNTs) consist of one-atom thick graphite sheet rolled into a tube. Section 11.5
gives an example of the use of CNTs in sports equipment.

Smart materials are able to sense changes in their surroundings and then respond
in a predetermined manner. Shape-memory materials, such as nickel-titanium (NiTi)
alloys, change their shape when their temperature changes. Piezoelectric materials, such
as quartz and lead zirconate (PbZrOs;), expand and contract in response to an applied
electric field or voltage or conversely generate an electric field when their dimensions
change. An application of smart materials is in building microelectromechanical sys-
tems (MEMS), which integrate miniature mechanical devices with electronic circuits.
The size of MEMS devices ranges from 20 pm to 1 mm, and their applications range
from sensors that are used in airbag deployment systems in motorcars to gyroscopes
and microphones that are used for military and aerospace applications.

TYPES OF FAILURE OF COMPONENTS

The level of performance of a component in service is governed not only by the
inherent properties of the material used in making it but also by the stress system
acting on it and the environment in which it is operating. An unacceptably low level
of performance can be taken as an indication of failure. Part I of this book discusses
the different types of failure and how to prevent, or at least delay, such failures by
selecting appropriate materials. Failure of engineering components occurs by sev-
eral mechanisms, which can be arranged in order of importance as follows:

1. Corrosion, which can be defined as the unintended destructive chemical
or electrochemical reaction of a material with its environment, represents
about 30% of the causes of component failures in engineering applications.

2. Fatigue, which occurs in materials when they are subjected to fluctuating
loads, represents about 25% of the causes of component failures in engi-
neering applications.
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3. Brittle fractures are accompanied by a small amount of plastic deformation
and usually start at stress raisers, such as large inclusions, manufacturing
defects, and sharp corners or notches. They represent about 15%-20% of
the causes of failure of engineering components.

4. Ductile fractures are accompanied by larger amount of plastic deformation
and normally occur as a result of overload. They represent about 10%—-15%
of the causes of failure of engineering components.

5. Creep and stress rupture, thermal fatigue, high-temperature corrosion, and
corrosion fatigue occur as a result of a combination of causes including high
temperature, stress, and chemical attack. They represent about 10%—15% of
the causes of failure of engineering components.

6. Other minor causes of failure include wear, abrasion, erosion, and radiation
damage.

Failure under mechanical loading is discussed in Chapter 2 and failure as a result of
environmental attack in Chapter 3.

CAUSES OF FAILURE OF COMPONENTS

The aforementioned types of failure can occur as a result of a variety of causes,
which can be arranged in order of importance as follows:

1. Poor selection of materials represents about 40% of the causes of failure of
engineering components. Failure to identify clearly the functional require-
ments of a component could lead to the selection of a material that only
partially satisfies these requirements. As an example, a material can have
adequate strength to support the mechanical loads, but its corrosion resis-
tance is insufficient for the application.

2. Manufacturing defects, as a result of fabrication imperfections and faulty
heat treatment, represent about 30% of the causes of failure of engineer-
ing components. Incorrect manufacturing could lead to the degradation of
an otherwise satisfactory material. Examples include decarburization and
internal stresses in a heat-treated component. Poor surface finish, burrs,
identification marks, and deep scratches due to mishandling could lead to
failure under fatigue loading.

3. Design deficiencies constitute about 20% of the causes of failure of engi-
neering components. Failure to evaluate working conditions correctly
due to the lack of reliable information on loads and service conditions is
a major cause of inadequate design. Incorrect stress analysis, especially
near notches, and complex changes in shape could also be a contributing
factor.

4. Exceeding design limits, overloading, and inadequate maintenance and
repair represent about 10% of the causes of failure of engineering compo-
nents. If the load, temperature, speed, voltage, etc. are increased beyond
the limits allowed by the factor of safety in design, the component is likely
to fail. As an example, if an electric cable carries a higher current than the
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design value, it overheats, and this could lead to melting of the insulating
polymer and then short circuit. Subjecting the equipment to environmental
conditions for which it was not designed also falls under this category. An
example is using a freshwater pump for pumping seawater. In addition,
when maintenance schedules are ignored and repairs are poorly carried
out, service life is expected to be shorter than anticipated in the design.

In spite of the efforts to avoid failure, components do fail in service, and it is the
responsibility of the manufacturer to find out why and how to avoid similar failures
in the future. Failure analysis is best carried out by interdisciplinary teams consisting
of designers, materials and manufacturing engineers, as well as service personnel.
Failure analysis techniques are described in Chapter 2, selection of materials to resist
failure is discussed in Chapter 4, material-related design deficiencies are discussed
in Chapter 6, and manufacturing defects are discussed in Chapter 7.

PART | OUTCOMES

After completing Part I, the reader will be able to

1. Understand the behavior of engineering materials, including similarities
and differences between the different types

2. Assess the effect of mechanical loading and service environment on the
performance of engineering materials

3. Recognize the different types of failure of components as a result of
mechanical loading and environmental attack

4. Perform experimental and analytical failure analysis on failed components
and products and determine the probable causes of failure

5. Select the appropriate materials and processes that can resist a given type of
loading or a source of failure



Failure under
Mechanical Loading

2.1 INTRODUCTION

With an increasing pressure for higher performance, cheaper products, and lighter
components, manufacturers are using materials closer to their limits of performance,
with subsequent higher probability of failure. For example, using a stronger material
allows the designer to reduce the cross-sectional area and possibly the weight of a
component, but will also increase the tendency for buckling as the slenderness of the
component increases. Stronger materials are also likely to exhibit lower toughness
and ductility with an increasing tendency for catastrophic brittle fracture.

This chapter begins by defining the different types of failures under mechani-
cal loading and then gives a brief description of each type and how it takes place
under service conditions. The chapter ends with a brief review of some experimen-
tal methods and analytical techniques of failure analysis. The objectives of the
chapter are to

1. Examine the relationships between material properties and failure under
static loading
2. Discuss the different types of fatigue loading and factors affecting the
fatigue strength of materials
. Review the categories of elevated-temperature failures
4. Describe some experimental and analytical techniques of failure analysis

W

2.2 TYPES OF MECHANICAL FAILURES

Failure under mechanical loading can take place either as a result of permanent
change in the dimensions of a component, which results in an unacceptably low level
of performance, or as a result of actual fracture. The general types of mechanical
failures encountered in practice are as follows:

1. Yielding of the component material under static loading. Yielding causes
permanent deformation, which could result in misalignment or hindrance
to mechanical movement.

2. Buckling takes place in slender columns when they are subjected to
compressive loading or in thin-walled tubes when subjected to torsional
loading.

3. Creep failure takes place when the creep strain exceeds allowable toler-
ances and causes interference of parts. In extreme cases, failure can take

33
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place through rupture of the component subjected to creep. In bolted joints
and similar applications, failure can take place when the initial stressing
has relaxed below allowable limits, so that the joints become loose or
leakage occurs.

4. Failure due to excessive wear takes place in components where relative
motion is involved. Excessive wear can result in unacceptable play in bear-
ings and loss of accuracy of movement. Other types of wear failure are
galling and seizure of parts.

5. Failure by fracture due to static overload. This type of failure can be con-
sidered as an advanced stage of failure by yielding. Fracture can be either
ductile or brittle.

6. Failure by fatigue fracture due to overstressing, material defects, or stress
raisers. Fatigue fractures usually take place suddenly without apparent
visual signs.

7. Failure due to the combined effect of stresses and corrosion usually takes
place by fracture due to cracks starting at stress concentration points, for
example, caustic cracking around rivet holes in boilers.

8. Fracture due to impact loading usually takes place by cleavage in brittle
materials, for example, in steels below brittle—ductile transition tempera-
ture and plastics below glass transition temperature.

Of the types of mechanical failures mentioned, the first four do not usually involve
actual fracture, and the component is considered to have failed when its performance
is below acceptable levels. However, the latter four types involve actual fracture of
the component, and this could lead to unplanned load transfer to other components
and perhaps other failures. The following sections discuss the types of failures men-
tioned in the foregoing list, with the exception of wear failures, which are discussed
in Section 3.8, and the combined effect of stress and corrosion, which is discussed
in Section 3.4.

2.3 FRACTURE TOUGHNESS AND FRACTURE MECHANICS

It is now recognized that all engineering materials contain potential sites for cracks
in the form of discontinuities, heterogeneities, flaws, inclusions, or microstructural
defects that can be classified as follows:

e Microstructural features such as oxide or sulfide inclusions, large carbide
and intermetallic precipitates, and inhomogeneous distribution of alloying
elements leading to hard or soft spots

e Processing defects such as shrinkage and gas pores in castings, slag
inclusions and similar welding defects, laps and stringers in forgings,
contaminants in powder metallurgy parts, and decarburization in heat
treatment

¢ Damage during service such as surface pits due to corrosion, cracks at dis-
continuities due to fatigue loading, surface damage due to wear and fret-
ting, and internal voids and cracks due to creep



Failure under Mechanical Loading 35

Such cracks cause high local stresses at their tips, and these stresses depend on the
geometry and size of the flaw and the geometry of the component. The ability of
a particular flaw or stress concentrator to cause fracture depends on the fracture
toughness of the material, which can be qualitatively defined as the resistance of
that material to the propagation of an existing flaw or crack. Therefore, to predict the
fracture strength of a component, both the severity of the stress concentration and
the fracture toughness of the material must be known.

2.3.1 FrLaw DETECTION

To ensure that the severity of stress concentration remains within safe limits, quality
control techniques of flaw detection are used to determine the flaw size, orientation,
and distribution in components. Table 2.1 gives a sample of the commonly used non-

destructive methods of flaw detection.

e Visual inspection is normally carried out to detect macroscopic surface
flaws in the form of cracks, gouges, porosity, laps, and seams. It may be
followed by liquid penetrant tests for better definition of surface flaws.
External flaws on the order of 0.2 mm, or even smaller, can be detected by

visual inspection with the aid of magnifying glasses.

TABLE 2.1
Nondestructive Methods of Crack Detection

Method

Visual examination. The naked eye or a magnifying glass is used to
locate and measure cracks.

Penetrant test. Liquids that enter surface discontinuities by capillary
action are first applied to the surface and then wiped off. A developer is
then applied to help delineate the areas where the liquid has penetrated.

Radiographic examination. X-rays and y-rays are used to penetrate
materials and are then caught on a sensitized film. Cavities or
inclusions absorb the rays differently from the rest of the material and
are delineated on the developed film.

Magnetic particle method. A liquid containing iron powder is first
brushed on the surface, and the part is then placed in a strong magnetic
field. The particles pile up at discontinuities.

Ultrasonic tests. Ultrasonic vibrations that are transmitted through the
material are reflected back at an internal discontinuity earlier than
when reaching the opposite surface. The difference between the
reflected waves is used to locate the position of the discontinuity.

Eddy current inspection. A coil is excited to induce eddy currents in the
component to be inspected. In turn, this excitation induces a current in
the coil. The presence of defects affects the induction of the
component, which affects the current in the coil.

Applications and Standard
Covering the Practice

Surface cracks

Defects open to the surface
of metallic and nonmetallic
materials (ASTM E 165)

Radiographs show the size
and shape of discontinuities
(ASTM E 94)

Detects surface cracks in
magnetic materials (ASTM
E 109 and E 138)

Internal defects in ferrous
and nonferrous metals and
alloys (ASTM E 127)

Used for the inspection of
surface and subsurface
defects in electrically
conducting materials
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¢ Dye penetrant can detect surface flaws and cracks that are too small to
detect by visual examinations. Such flaws can be as small as 0.25 mm or
even smaller.

* Radiographic examination is carried out to detect and provide a permanent
record of internal flaws in components and assemblies. Radiographic equip-
ment can be expensive and precautions should be taken to avoid health haz-
ards to operators. Subsurface flaws greater than 2% of the section thickness
can be detected by radiographic examination.

e Magnetic particle tests can detect surface and subsurface cracks, laps,
voids, porosity, and inclusions in steels and cast irons. The equipment is rel-
atively simple and inexpensive but requires experienced operators to avoid
irrelevant indications. Flaw size on the order of 0.1 mm, or even smaller,
can be detected by this method.

e Ultrasonic can detect and provide a permanent record of a variety of inter-
nal flaws including cracks, voids, inclusions, delaminations, and debond-
ing between dissimilar materials. This method requires acoustic coupling
between equipment and component and careful interpretation of results.
Flaw size on the order of 0.1 mm, or even smaller, can be detected by
ultrasonic testing.

* Eddy current inspection can detect cracks, changes in alloy composition or
heat treatment, or wall thickness in tubing, sheet metal, and coatings.

2.3.2 FRACTURE TOUGHNESS OF MATERIALS

Quantitative prediction of the fracture strength can be made using fracture mechanics
techniques, and in the simple case of glass, Griffith showed that

1/2
o =(2EVS J Q.1

Ta

where
o, is the fracture stress in MPa (or psi)
a is the crack length for edge cracks and 1/2 crack length for center cracks (this is
measured in meters or inches)
E is Young’s modulus in MPa (or psi)
v, is the energy required to extend the crack by a unit area in J/m? (or in Ib/in.?)

For glass, v, is simply equal to the surface energy. However, this is not the case
with metals due to the plastic deformation that occurs at the tip of the propagating
crack. In the latter case, the fracture toughness is proportional to the energy
consumed in the plastic deformation. Because it is difficult to accurately measure
this energy, the parameter called the stress intensity factor, K;, is used to deter-
mine the fracture toughness of most materials. The stress intensity factor, as the
name suggests, is a measure of the concentration of stresses at the tip of the crack
under consideration.
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For a given flawed material, catastrophic fracture occurs when the stress
intensity factor reaches a critical value, K. The relationship between stress inten-
sity factor, K;, and the critical intensity factor, K, is similar to the relationship
between stress and tensile strength. The value of K| is the level of stress at the
crack tip and is material independent. However, K. is the highest value for K;
that the material can withstand without fracturing; it is material and thickness
dependent.

The reason why K is thickness dependent is that lateral constraint imposed on
the material ahead of a sharp crack in a thick plate gives rise to a triaxial state
of stress, which reduces the apparent ductility of the material. Thus, the fracture
strength is less for thick plates compared with thinner plates, although the inherent
properties of the material have not changed. As the thickness increases, K decreases
and reaches a minimum constant value, K, when the constraint is sufficient to give
rise to plane-strain conditions, as shown in Figure 2.1.

The thickness, #, at which plane-strain conditions occur is related to the fracture
toughness, K¢, and yield strength of the material, YS, according to the relationship

2
t= 2.5[5‘;) 2.2)

The critical stress intensity factor for plane-strain conditions, K., is found to be
a material property that is independent of the geometry. In an expression similar

Plane strain
_

Plane stress
Kc

Fracture toughness

Thickness

FIGURE 2.1 Effect of thickness on fracture toughness behavior.
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to Griffith’s, the fracture stress o; can be related to the fracture toughness, K,
and the flaw size, 2a:

Kic

Oy

where Y is a correction factor that depends on the geometry of the part, that is, thick-
ness, width W, and the flaw size 2a for center crack and a for edge crack. For the case
of thick plates, as a/W decreases to 0, that is, plane strain, Y decreases to 1. From
Equation 2.3, it can be shown that the units of K- are MPa (m)"? or psi (in.)"2.

As K¢ is a material property, the designer can use it to determine the flaw size
that can be tolerated in a component for a given applied stress level. Conversely, the
designer can determine the stress level that can be safely used for a flaw size that
may be present in a component. Examples 2.1 and 2.2 illustrate the use of fracture
toughness in design.

Design Example 2.1: Critical Crack Length

Consider a wide plate containing a crack of length 2a extending through the
thickness. If the fracture toughness of the material is 27.5 MPa (m)"? and the YS
is 400 MPa, calculate the fracture stress o; and compare it to the YS o, for dif-
ferent values of crack lengths.

Assume Y=1.

Solution

Using Equation 2.3, o, can be calculated for different crack lengths. The results
are given in Table 2.2.

With the smallest crack, the YS is reached before catastrophic failure occurs.
However, longer cracks cause fracture before yielding.

Design Example 2.2: Using Fracture Toughness in a Material Selection

Problem

Ti-6A1-4V (K,.=60 MPa (m)"?) and aluminum AA7075 alloy (K,-=24 MPa
(m)"?) are widely used in making lightweight structures. If the available non-
destructive testing (NDT) equipment can only detect flaws larger than 4 mm in

TABLE 2.2
Variation of Fracture Stress with Crack Length
a (mm) 1 2 4 6 8 10

o, (MPa)  490.6 346.9 245.3 200.3 173.5 155.2
6i/o, 1.23 0.87 0.61 0.50 0.43 0.39
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length, can we safely use either of these alloys for designing a component that
will be subjected to a stress of 400 MPa?

Solution
From Equation 2.3 and taking Y=1,

For Ti-6Al1-4V, 6,=400=60/(ta)"* 2a= 14 mm
For AA7075, 6;=400=24/(na)"?> 2a=2.3 mm

The preceding figures show that the critical crack can be detected in the titanium
alloy but not in the aluminum alloy. Titanium alloy can be used safely but not
the aluminum alloy.

Fracture toughness data are available for a wide range of materials and some examples
are given in Section 4.5. Fracture toughness data can also be easily established for
new materials using standardized testing methods, for example, American Society
for Testing and Materials (ASTM) Standard E399. Because of possible anisotropy of
microstructure, it is important to orient the test specimen to correspond to the actual
loading conditions of the part in service.

Fracture toughness, like other material properties, is influenced by several factors
including strain rate or loading rate, temperature, and microstructure, as discussed
in more detail in Section 4.5. Also, increasing the yield and tensile strengths of the
material usually causes a decrease in K. The use of fracture mechanics in design is
discussed in Section 6.4.

Fracture toughness is widely accepted as a design criterion for high-strength
materials where ductility is limited. In such cases, the relationship between K,
applied stress, and crack length governs the conditions for fracture in a part or a
structure. This relationship is shown schematically in Figure 2.2. If a particular com-
bination of stress and flaw size in a structure reaches the K| level, fracture can occur.
Thus, there are many combinations of stress and flaw size that may cause fracture in
a structure made of a material having a particular value of K. The figure shows that
materials with higher K. values tolerate larger flaws at a given stress level or higher
stress levels for a given flaw size.

Figure 2.2 also shows that if a material of known K. is selected for a given appli-
cation, the size of the flaw that will cause fracture can be predicted for the antici-
pated applied stress. If the design stress of a part is taken as 0.5 YS, the critical flaw
length would be (a,). Therefore, provided that no defect of size greater than (a,) is
present, failure should not occur on loading. If in a proof test the part is loaded to a
stress above the expected service stress and the test was successful, then a flaw of
size greater than a, could not have existed. During service life, crack growth of the
order of (a, — a,) could be tolerated before failure.

From Equation 2.3 and Figure 2.2, it can be shown that the maximum allow-
able flaw size is proportional to (K;-/YS)?, where K- and YS are measured at the
expected service temperature and loading rate. Thus, the ratio (K,-/YS) can be taken
as an index for comparing the relative toughness of structural materials. Higher
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FIGURE 2.2 Schematic relationship between stress, flaw size, and fracture toughness.

values of (K;/YS) are more desirable as they indicate tolerance to larger flaws with-
out fracture, as discussed in Section 4.5. The sensitivity of the NDT techniques used
to detect manufacturing defects that approach the critical size in the part or structure
is determined by the value of the allowed flaw size.

2.4 DUCTILE AND BRITTLE FRACTURES

Machine and structural elements often fail in service as a result of either ductile
or brittle fracture. The terms ductile and brittle are usually used to indicate the
extent of macroscopic or microscopic plastic deformation that precedes fracture.
For example, materials with plastic strains of less than 2% at fracture are con-
sidered brittle. The terms ductile and brittle are also related to fracture tough-
ness, and materials with K| less than 15 MPa (m)!”? are considered brittle. Impact
toughness, which is a measure of the energy needed for fracture, can also be
used as an indication, and materials that absorb less than 15 ft 1b (20.3 J) are
considered brittle.

2.4.1 DucTiLe FRACTURES

Service failures that occur solely by ductile fracture are relatively infrequent and
may be a result of errors in design, incorrect selection of materials, improper fabrica-
tion techniques, or abuse, which arises when a part is subjected to load and environ-
mental conditions that exceed those of the intended use.

The following case study illustrates an approach to failure analysis and the type of
solution that may be available to the engineer who tries to solve the problem.
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Case Study 2.3: Ductile Fracture of a Ladder

Problem

An aluminum ladder, which is 3 m long and made of four T-sections and hollow
cylindrical rungs, is shown in Figure 2.3. The ladder failed when a man weigh-
ing 100 kg climbed halfway up when it was leaning against a wall at an angle
of 15°. Although this was the first time the man used the ladder, his wife, who
weighed 60 kg, had used it many times earlier. As a result of failure, T-sections
S2 and S3 suffered severe plastic deformation and buckling caused by bend-
ing, while T-sections S1 and S4 cracked just under the rung where the man was
standing (Figure 2.3).

Analysis

Investigation showed that a large reduction in area accompanied the fracture,
and chemical analysis showed that the T-sections were made of AA 6061 alloy.
The hardness of the alloy was in the range 25-30 RB in most areas but was about
20 RB in section S2. These hardness values correspond to T4 temper condition
of the AA 6061 alloy.

It is expected that the weakest section S2, which was on the tension side dur-
ing loading, has yielded causing the load to be redistributed and section S3 to
yield. This, in turn, caused sections S1 and S4 to be overloaded in tension.

Solution

As failure is caused by overload during normal use, it is recommended that a
stronger material be used. It would be sufficient to change the temper condition
from T4 to T6. The AA 6061 T6 has a hardness of 45-55 RB and YS about twice
that of the AA 6061 T4.

2.4.2 BRrRITTLE FRACTURES

Brittle fractures are usually initiated at stress raisers, such as large inclusions, cracks or
surface defects, and sharp corners or notches. The single most frequent initiator of brit-
tle fracture is the fatigue crack, which accounts for more than 50% of all brittle frac-
tures in the manufactured products. Brittle fractures are insidious in character because
they may occur under static loading at stresses below the YS and without warning.
Once started, the brittle fracture will run at high speed, reaching 1200 m/s in
steel, until total failure occurs or until it runs into conditions favorable for its arrest.
The risk of occurrence of brittle fracture depends on the notch toughness of the
material under a given set of service conditions. A characteristic feature of brittle
fracture surfaces is the chevron pattern, which consists of a system of ridges curving
outward from the center line of the plate, as shown in Figure 2.4. These ridges, or
chevrons, may be regarded as arrows with their points on the center line and invari-
ably pointing toward the origin of the fracture, thus providing an indication of its
propagation pattern. This feature is useful in the analysis of service failures.
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FIGURE 2.4 Chevron patterns in brittle fracture. (a) Chevron markings in steel. (From
Rollason, E.C., Metallurgy for Engineers, 4th edn., Edward Arnold, London, UK., 1977.)
(b) Schematic representation.

2.4.3 DucTiLE=BRITTLE TRANSITION

The temperature at which the component is working is one of the most important
factors that influence the nature of fracture. Brittle fractures are usually associated
with low temperature, and in some steels, conditions may exist where a difference
of a few degrees, even within the range of atmospheric temperatures, may deter-
mine the difference between ductile and brittle behavior. This sharp ductile—brittle
transition is only observed in body-centered cubic (bcc) and hexagonal close-packed
(hcp) metallic materials and not in face-centered cubic (fcc) materials, as illustrated
schematically in Figure 2.5.

The most widely used tests for characterizing the ductile-to-brittle transition are
the Charpy, ASTM Standards A23 and A370, and Izod. The temperature at which
the material behavior changes from ductile to brittle is called the ductile-brittle
transition temperature (7,) and may be taken as the temperature at which the frac-
tured surfaces exhibit 50% brittle fracture appearance. In Charpy V-notch (CVN)
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FIGURE 2.5 Schematic representation of the effect of temperature on the energy absorbed
in fracture.

experiments, the transition temperature can be set at a level of 20.3 J (15 ft Ib) or
at 1% lateral contraction at the notch. The transition temperature based on fracture
appearance always occurs at a higher value than if based on a ductility or energy
criterion. Therefore, the fracture appearance criterion is more conservative.

The rate of change from ductile-to-brittle behavior depends on the strength,
chemical composition, structure, and method of fabrication of the material. The state
of stress and the speed of loading also influence the nature of fracture. A state of
triaxial tensile stresses, such as those produced by a notch, can be the cause of brit-
tle fracture. The notches in a component can be due to shape changes, processing
defects, or corrosion attack. Materials that behave normally under slowly applied
loads may behave in a brittle manner when subjected to sudden applications of load,
such as shock or impact. The ductile-to-brittle transition also shifts to higher tem-
peratures as the rate of loading increases.

In the case of steels, the shift in transition temperature depends on the strength
and can be as high as 68°C (155°F) in steels of YS of 280 MPa (about 40 ksi). The
shift in transition temperature between static and impact loading decreases with
increasing strength and becomes negligible at YSs of about 900 MPa (about 130 ksi).

In applying the CVN results to industrial situations, it should be borne in mind
that the shock conditions encountered in the test may be too drastic. Many industrial
components operate successfully in extreme cold without special consideration for
notch toughness values or transition temperature. However, where stress concentra-
tion and rate of strain are high and service temperatures are low, special design and
fabrication precautions should be taken and materials with low transition tempera-
tures should be selected.
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2.4.4 DESIGN AND MANUFACTURING CONSIDERATIONS

The design and fabrication precautions that should be taken to avoid brittle fracture
include the following:

1. Abrupt changes in section should be avoided to avoid stress concentrations,
and thickness should be kept to a minimum to reduce triaxial stresses.

2. Welds should be located clear of stress concentrations and of one another,
and they should be easily accessible for inspection.

3. Whenever possible, welded components should be designed on a fail-safe
basis. This concept is discussed in Section 5.2.

A useful relation between plane-strain fracture toughness (K,-) and the upper-shelf
CVN impact energy was suggested for steels of YSs higher than about 770 MPa
(ca. 110 ksi) by Rolfe and Barson (1977) as

2
(ch) _ (5 ](CVN_YSJ Q.4)
YS YS 20

where
K¢ is in ksi (in.)"?
YS is in ksi
CVNisin ft b

2.5 FATIGUE FAILURES

Generally, fatigue fractures occur as a result of cracks, which usually start at some
discontinuity in the material or at other stress concentration locations, and then
gradually grow under repeated application of load. As the crack grows, the stress
on the load-bearing cross section increases until it reaches a high level enough to
cause catastrophic fracture of the part. This sequence is reflected in the fracture sur-
faces that usually exhibit smooth areas that correspond to the gradual crack growth
stage and rough areas that correspond to the catastrophic fracture stage, as shown
in Figure 2.6. The smooth parts of the fracture surface usually exhibit beach marks,
which occur as a result of changes in the magnitude of the fluctuating fatigue load.
Another feature of fatigue fractures is that they lack macroscopic plastic deformation
and, in this respect, they resemble brittle fractures. The following case studies are
used to illustrate some of the frequent causes of fatigue fracture and to show some of
the solutions that may be used to solve the problem.

Case Study 2.4: Fatigue Failure of a Pressure Line

Problem

The steel pressure line of a hydraulic pump in a power-generation unit started
leaking at the exit line flange assembly shown in Figure 2.7. The source of
leakage was found to be a crack in the fillet weld.
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FIGURE 2.6 General appearance of a fatigue fracture surface. (a) Schematic representation;
(b) fatigue fracture of automobile axle shaft. (From Rollason, E.C., Metallurgy for Engineers,
4th edn., Edward Arnold, London, U.K., 1977)

Analysis

Investigation of the working conditions showed that although the pressure in the
line was within the design limits, excessive vibrations existed in the 2 m long
tube, which was not sufficiently supported by the flexible hose at its end. This
caused the line to act as a cantilever beam with maximum forces at the flange.

It is concluded that the crack in the fillet weld took place as a result of fatigue
loading caused by the vibrations in the line.

Solution

The corrective action taken was to change the design to move the weld from the area
of high stress concentration, as shown in Figure 2.7. The line was also adequately
supported at the point where it joined the flexible hose to minimize vibrations.

Case Study 2.5: Comet Aircraft Failures
Background

The de Havilland DH 106 Comet was the first commercial airliner to be powered
by jet engines. This allowed it to fly at higher altitudes in order to take advantage
of the lower air resistance, which also meant pressurizing the fuselage to main-
tain atmospheric pressure inside the cabin.

Problem

The first flight of the Comet with passengers was in May 1952. During the period
March 1953 and January 1954, three planes crashed, killing all those on board.
As a result, the Comet fleet was grounded and several design modifications
introduced and flights resumed. However, another crash occurred in April 1954
and the fleet was grounded again.
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FIGURE 2.7 Failure of pressure line of a hydraulic pump.

Analysis

Inspection parts of the fuselage that were recovered from crash sites showed
beach marks on the fracture surfaces, which indicated possible fatigue failure.
This was confirmed by testing a full length fuselage in a specially constructed
water tank to simulate the compression and decompression during flight and
landing. After about 3000 cycles, the fuselage burst open at a sharp corner of the
forward port-side escape hatch cutout. Several fatigue cracks were also found at
rivet holes, which were produced by punching.

Solutions

All the remaining Comets were withdrawn from service, and new versions were
built with rounded corners for all openings and windows in order to reduce stress

47
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concentration. The skin sheeting was also made thicker. Rivet holes were drilled
instead of punching to produce smoother surfaces. A periodic inspection pro-
cedure was also introduced. With these changes, commercial flights of the new
Comet resumed in 1958 and successfully continued for nearly 30 years.

2.5.1 Tvpes ofF FATIGUE LOADING

The simplest type of fatigue loading is the alternating tension—compression without
a static direct stress (Figure 2.8a). In this case, the stress ratio, defined as R=c,,;,/
Omax» 18 —1. If a static mean stress ¢, is superimposed on the alternating stress, then
the stress varies between the limits of

Cmax=0On+0, and ©,,=06,—0C,

as shown in Figure 2.8b. A special case is the pulsating stress with R=0.

Under actual service conditions, parts may be subjected to more than one form of
load, for example, alternating torsion with static tension. Many other combinations are
known to be met in different applications. However, most of the available fatigue test
results are for the simple alternating stresses, that is, R=—1. Such results are usually

Oa

Stress

Time

Ao

Stress

(b) Time

FIGURE 2.8 Types of fatigue loading. (a) Alternating stress, R=-1; (b) fluctuating stress.
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FIGURE 2.9 Representation of fatigue test results on the S—N curve.

presented as S—N curves, as shown in Figure 2.9. In this case, S is the alternating
stress and N is the number of cycles to failure. Although most available S—N curves
and endurance limit values are based on laboratory experiments and controlled test
conditions, fatigue results always show larger scatter than other mechanical prop-
erties. The standard deviation for endurance limit results is usually in the range of
4%-10%, but in the absence of statistical values, an 8% standard deviation can be
assumed. The reported endurance results can be taken to correspond to 50% survival
reliability. Statistical variation of material properties is discussed in Section 5.9.

2.5.2 FATIGUE STRENGTH

Some materials, such as steels and titanium, exhibit a well-defined fatigue or endur-
ance limit below which no fatigue fracture occurs (Figure 2.10). The figure also
shows that other materials, such as aluminum alloys, do not have such a limit, and
their S—N curves continue to decrease at high number of cycles. For these materials,
fatigue strength is reported for a specified number of cycles. As this number of
cycles is not standardized, the reported fatigue strength values are subject to large
variations depending on whether the strength is taken at N=10°, 107, or 103 cycles.
Therefore, it is necessary to specify the number of cycles for which the strength is
reported. When the material does not exhibit a well-defined fatigue or endurance
limit, it is only possible to design for a limited life.

The endurance limit, or fatigue strength, of a given material can usually be related
to its tensile strength, as shown in Table 4.7. The endurance ratio, defined as endur-
ance limit/tensile strength, can be used to predict fatigue behavior in the absence
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FIGURE 2.10 Fatigue results as represented by the S—N curves. Steel exhibits an endurance
limit and its curve levels off at S,. Aluminum does not exhibit an endurance limit, and its
curve continues to decline for all values of N.

of endurance limit results. As the table shows, the endurance ratio of most ferrous
alloys varies between 0.4 and 0.6.

An important limitation of S—N curves and the endurance limit results is that they
are usually determined for relatively small specimens under controlled conditions
and simple loading systems. In addition, these results do not distinguish between
crack initiation life and crack propagation life. These disadvantages limit their use
in designing large structural components where crack-like defects can exist in the
material or as a result of manufacturing. Under such conditions, it is the rate of
fatigue-crack propagation that determines the fatigue life of the part.

2.5.3 CRACK INITIATION

Even if the nominal stresses acting on the part are below the elastic limit, local
stresses may exceed the yield stress as a result of stress concentration or material dis-
continuity. As a result, cyclic plastic deformation takes place on favorably oriented
slip planes, leading to local strain hardening and eventual crack nucleation.

It can be shown that the local stress range at the site of crack nucleation, Ac,,,,, can
be related to the range of the stress intensity factor, AK|, by the following relationship:

2 Y AK
AG . = AGK, = (nm )(r”;J (2.5)

where
r is the notch-tip radius
Ao is the range of applied nominal stress
K, is the stress concentration factor
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Experience shows that AK;/(r)"? is the main parameter that governs fatigue-crack
initiation in a benign environment. In the case of steels, there is a fatigue-crack ini-
tiation threshold, [AK/(r)""?], below which fatigue cracks do not initiate. The value of
this threshold increases with increasing strength and with decreasing strain harden-
ing exponent.

2.5.4 CrAcK PROPAGATION

The performance of most parts and structures under fatigue loading is more depen-
dent on their resistance to crack propagation than to crack nucleation. This is
because microcracks are known to nucleate very early in the lives of parts, and
notched high-strength materials may have propagating cracks effectively through-
out their service lives. Initially, the crack propagates along the slip plane along
which it nucleated, stage I, and then turns on to a plane perpendicular to the direc-
tion of the maximum tensile stress, stage II. Stage I may account for more than 90%
of the life of a smooth ductile part under light loads or may be totally absent in a
sharply notched, highly stressed part.

Experience based on experimental data shows that the fatigue-crack propagation
behavior is controlled primarily by the stress intensity factor range, AK;, and can be
divided into three regions, as shown in Figure 2.11. In region 1, fatigue cracks grow
extremely slowly or not at all, and in region 3, an increase in growth rate leads to
rapid unstable growth as K or K| is approached.

Region 1 | Region 2 | Region 3
. |
|
oo
: |
: |
i |
Slow crack |
growth
/ .
i | Rapid
| Power law unstable
AKy, l | growth
Log AK

FIGURE 2.11 Schematic illustration of the effect of the range of the stress intensity factor
(AK)) on fatigue-crack growth rate (da/dN).
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The crack growth in region 2 represents most of the crack propagation duration
and can be represented by a power law, which is usually called the Paris relationship:

% = C(AKY)" 2.6)

where

a is the crack length

N is the number of cycles

da/dN is the crack growth per cycle

C and n are the experimentally determined constants that depend on material prop-

erties and environment (the value of n normally ranges between 1 and 6)

AK is the stress intensity factor range at the crack tip and equals K, — K,,;, (in
alternating stress regimes where the minimum stress is compressive, K ;, can
be taken as zero and K, as K;¢)

Equation 2.6 can be used to give a rough estimation of the fatigue life of components,
as illustrated in the following design example.

Design Example 2.6: Prediction of the Fatigue Life of a Component
Problem

A rotating shaft in a power-generation system has been inspected by nondestruc-
tive tests that can only reveal surface cracks larger than 2 mm. The shaft is made
of AISI 4340(T260°C) steel of K;.=50 MPa m'"2. The loading conditions of the
shaft cause an alternating stress of 200 MPa. Estimate the fatigue life of the shaft.

Solution

As the maximum stress is expected to be at the surface of the shaft, surface
cracks should not be allowed to grow large enough to cause fracture at the
maximum stress of 200 MPa. The critical surface crack size as estimated using
Equation 2.3 is 19.9 mm.

The approximate fatigue life of the shaft can be measured in terms of the num-
ber of cycles needed to extend the crack from 2 to 19.9 mm. This can be estimated
from Equation 2.6 using the information from Callister, C=1.0x 10~'2 and n=3:

da =1.0x107"?x(50)° xdN
=(19.9-2)x107
Approximate fatigue life of the shaft=N=1.4x 105 cycles.

2.6 ELEVATED-TEMPERATURE FAILURES

The effect of service environment on material performance at elevated temperature
can be divided into the following three main categories:
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1. Mechanical effects such as creep and stress rupture
2. Chemical effects such as oxidation
3. Microstructural effects such as grain growth and overaging

Although oxidation and creep can directly lead to the failure of a part in service, the
microstructural changes can lead to weakening of the material and, therefore, can
indirectly lead to failure. Many of the strengthening mechanisms that are effective
at room temperature become ineffective at elevated temperatures. Generally,
nonequilibrium structures change during long-term high-temperature service and
this leads to lower creep strength. Thus, materials that depend on their fine grains
for strengthening may lose this advantage by grain growth, and materials that have
been strain hardened by cold working may recover or anneal. Structures that have
been precipitation hardened to peak values may overage, and steels that have been
hardened and tempered may overtemper.

2.6.1 CReepP

A major factor that limits the life of components in service at elevated temperatures
is creep. Creep is defined as the time-dependent deformation, which occurs under
the combined effect of stress and elevated temperature, normally in the range of
35%-70% of the melting point of the material expressed in absolute temperature.
Creep occurs as a result of the motion of dislocations within the grains, grain bound-
ary rotation, and grain boundary sliding. It is sensitive to grain size, alloying addi-
tions, microstructure of the material, and service conditions.

When creep reaches a certain value, fracture occurs. Creep fracture (also called
stress rupture) usually takes place at strains much less than the fracture strains in
tension tests at room temperature.

In most practical cases, the strain that is suffered by a component under creep con-
ditions can be divided into the stages shown schematically in Figure 2.12. Following
an initial instantaneous deformation, creep takes place at a decreasing strain rate,
which is the slope of the curves in Figure 2.12, during the primary or transient stage.
This is followed by the secondary creep or steady-state stage where the strain rate is
constant under constant stress conditions.

At the end of the steady-state stage, tertiary creep starts and the strain rate
increases rapidly with increasing strain and fracture finally occurs. Tertiary creep
can be caused by

1. Reduction of the cross-sectional area of the component due to cracking or
necking

2. Oxidation and other environmental effects, which reduce the cross-
sectional area

3. Microstructural changes that weaken the material such as coarsening of
precipitates

Under certain conditions, some materials may not exhibit all the mentioned stages
of creep. For example, at high stresses or high temperatures, the primary stage may
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FIGURE 2.12 Schematic creep curve under tensile loading.

not be present, with secondary creep or even tertiary creep starting soon after load
application. Another example is the case where fracture occurs before the tertiary
stage is reached, as in the case of some low-ductility cast alloys. Creep ductility is
an important factor in material selection. Although the permissible creep strain in
practice is usually of the order of 1%, selecting materials with higher creep ductility
means a higher safety margin.

The steady-state creep rate is often a high-temperature design parameter and may
be required to be lower than a specified value to ensure a minimum life of a com-
ponent in service. At a given temperature, the steady-state creep rate (e) can be
expressed as a function of the applied stress (o) as follows:

€= Bo" 2.7

where B and m are experimental constants and depend on the material and operat-
ing temperature. Equation 2.7 is often called Norton’s equation and m is Norton
Index. At low stresses and high temperatures, creep takes place as a result of
atomic diffusion either through the grains or along the grain boundaries of metals.
In such cases, m in Equation 2.7 can be taken as unity. At higher stresses, creep
takes place as a result of dislocation movement and m can take values ranging from
2 to 9, depending on the material and temperature values. The following design
example illustrates the use of Equation 2.7 in designing of components for high-
temperature service.
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Design Example 2.7: Designing for Steady-State
Creep Using Norton’s Equation
Problem

A cylindrical pressure vessel has an internal diameter of 45 cm and a wall thick-
ness of 20 mm and operates at 800°C. When operating at the design pressure, the
vessel diameter is expected to reach its maximum allowable increase in diameter
of 5 mm in 4 years. As a result of increasing demand, it was decided to increase
the operating pressure by 25%. Calculate the expected decrease in life of the
vessel as a result of this action.

Solution

Given the stress level and operating temperature for the vessel material, a Norton
Index m can be assumed as 4. The creep strain rate under the original design
conditions (g') is

£ =(5)/450x4x360x24 =2.5x107
=Bc*
From Equation 2.7, the creep strain rate under conditions of increased pressure is
£,=B(1.256)*=2.5x107 x(1.25)*

Expected life of the vessel under increased operating pressure = (5)/450 x 360 x
24x2.5x107=2.1 years.

Remark: Please notice how an increase of 25% in stress has resulted in about
50% reduction in expected life.

2.6.2 CoMBINED CREEP AND FATIGUE

In many high-temperature applications in practice, the applied loads are cyclic and
could lead to a combined creep—fatigue failure. Under these conditions, the life of a
component is determined by the initiation and growth of a creep or a fatigue crack.
At high load frequencies and relatively lower temperatures, crack growth is inde-
pendent of the frequency or temperature. This is because the material just ahead of
the crack does not suffer any time-dependent processes, such as oxidation or creep
relaxation. Under these conditions, the mechanism of crack growth is essentially the
same as room temperature fatigue.

At low frequencies and relatively high temperatures, crack growth is affected
by time-dependent processes. A mixture of the two extreme cases of behavior is
expected at intermediate temperatures and load frequencies.

2.6.3 THERMAL FATIGUE

Another form of elevated-temperature failures is thermal fatigue. Stresses and
strains induced in a component due to thermal gradients can cause failure if repeated
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a sufficient number of times. Faster changes in temperature, lower thermal conduc-
tivity of the material, higher elastic constant, higher thermal expansion coefficient,
lower ductility, and thicker component sections often account for shorter service life.
Ceramic materials are particularly prone to thermal fatigue in view of their limited
thermal conductivity and brittleness.

In high-temperature applications, the environment plays an important role in deter-
mining the performance of components. Selecting the material that will resist the
environment, controlling the environment, or protecting the surface is essential for
prolonged service. Examples of aggressive environments are those that contain vana-
dium compounds, sulfur compounds, or salt. A vacuum environment may be more
harmful than air if some of the alloy constituents evaporate at high temperatures.

2.7 FAILURE ANALYSIS: EXPERIMENTAL METHODS

When a component fails in service, it is important that the source of failure is located
to identify the responsible party and to avoid similar failures in future designs.
Owing to the complexity of most failure cases, it is useful to follow a systematic
approach to the analysis such as the following:

1. Gathering background information about the function, source, fabrica-
tion, materials used, and service history of the failed component is an
important step.

2. Site visits involve locating all the broken pieces, making visual examina-
tion, taking photographs, and selecting the parts to be removed for further
laboratory investigation. Macroscopic, microscopic, chemical analysis,
nondestructive, and destructive tests are normally used to locate possible
material and manufacturing defects. Presence of oxidation and corrosion
products, temper colors, surface markings, etc., can also provide valuable
clues toward failure mode identification.

3. Based on the gathered information, it should be possible to identify the origin
of failure, direction of crack propagation, and sequence of failure. Presence
of secondary damage not related to the main failure should also be identified.

4. The final step in failure analysis usually involves writing a report to docu-
ment the findings and to give the conclusions. This report usually includes
the background information and service history of the failed part, descrip-
tion of the specimens examined and procedure of examination, information
about materials and comparison with specifications, manufacturing meth-
ods, causes of failure, and how to avoid such failure in the future.

The following case study illustrates the use of the experimental method in failure
analysis of a welded component.

Case Study 2.8: Failure of Welded Alloy Steel Component

Problem

A component made of alloy steel, which was manufactured by welding, failed
next to the fusion zone. What factors could have contributed to this failure?
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Analysis

The first step is to ensure that the failure zone does not have obvious cavities or
cracks and that the load did not exceed the design limit and that the weld was not
placed in a stress concentration zone. Assuming that there are no obvious weld
defects and that the design parameters are correct, the next step is to look for the
less obvious materials and manufacturing defects. The following are questions
that need to be answered:

1. What was the grade of the welding electrodes? Could it have introduced
hydrogen in the weldment? (Look for the electrode number and specifi-
cations and whether it is a low-hydrogen grade.)

2. What is the composition of the alloy steel and what is its hardenabil-
ity? Was there martensitic structure in the fracture zone? (Find out the
designation number, look for chemical analysis, estimate hardenability,
and perform hardness tests.)

3. What was the welding procedure? Was appropriate preheating and
postwelding heating applied? (Look for the records and process sheets
of the weld.)

4. Was there severe grain growth in the heat-affected zone where fracture
occurred? (Perform microscopic examination.)

5. Did the parent metal have inclusions that could have caused stress con-
centration? (Perform microscopic examination.)

Answers to these questions would be helpful in identifying the cause of failure.

2.8 FAILURE ANALYSIS: ANALYTICAL TECHNIQUES

Several analytical techniques and computer-based methods have been developed to
help the engineer in solving failure problems. Identification of failure mode is not
only important for determining the cause of failure, but also a powerful tool for
reviewing the design. The following discussion gives a brief review of some of the
analytical techniques that have been developed for systematic identification of fail-
ure modes. Reference should be made to the original publications for more details.

2.8.1 Root CAUSE ANALYSIS

Having identified the main cause of failure using the experimental techniques
described in Section 2.7, the next step is to identify all the possible root causes for
that main cause. A root cause is sufficiently basic to be treated independently of other
causes. The analysis starts by identifying the subordinate causes (primary causes)
that could have led to the main cause. Each of the subordinate causes is then analyzed
to identify its subordinate causes (secondary causes). Possible subordinates of each
secondary cause are identified as tertiary causes, which may be followed by quater-
nary causes if needed. A useful organization tool for complex root cause analysis
cases is the failure tree analysis (FTA), which will be described in Section 2.8.2.
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Having identified the root causes of failure, the next step is to evaluate the
probability that each of the root causes was responsible for the failure. The causes
are then analyzed starting with the most likely, highest probability and then the
less likely or lower probability. Physical evidence for the presence of each of
the root causes is then documented. Tests and analysis can then be performed on
the failed component to look for the physical evidence of their presence. Corrective
action plan to eliminate the present root causes is then proposed together with a
preventive action plan to reveal their presence if they happen to occur in spite of
the corrective action. The following case study illustrates the use of root cause
analysis to the failure of a crankshaft of an auxiliary power-generation diesel
engine.

Case Study 2.9: Failure of a Crankshaft of an Auxiliary
Power-Generation Diesel Engine

Problem
The crankshaft of an auxiliary power-generation diesel engine failed after
2 years of service.

Analysis

The failed crankshaft is made of forged steel. Failure analysis attributed the
failure to fatigue loading with the fatigue crack initiating at a surface defect in
the crankshaft. The major causes that could have caused a surface defect in the
forged crankshaft are judged to be casting defect in the steel ingot before forging,
a defect that developed during the forging process, or a surface defect that devel-
oped during the heat treatment process that followed forging. Table 2.3 gives a
simplified root cause analysis for the failure.

Conclusion

Table 2.3 shows that four root causes are identified as likely to occur. The rec-
ommended tests to verify the most likely cause include chemical analysis and
optical microscopy. The recommended preventive action will be based on the
test results and can include better control of impurities in the steel, better fil-
tering process of the liquid steel, better design of the forging dies, and better
control of the reheating furnace temperature. Recommended preventive actions
include nondestructive inspection for surface defects; these include visual
inspection, liquid penetrant test, and magnetic particle tests, as described in
Section 2.3.1.

2.8.2 FauLt TRee ANALYSIS

Fault tree analysis (FTA) is an analysis technique that is widely used in organiz-
ing the logic in studying reliability, critical failure modes, safety, availability, or
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TABLE 2.4
Some Standard Symbols Used in FTA

Event

Basic event that requires no further development and does
not depend on other parts of the system for its occurrence.

An event that results from a combination of basic events and

needs further analysis to determine how it can occur. It is
the only symbol on the fault tree that can have a logic gate

and input events below it.

Switch. Used to include or exclude parts of the tree that may
or may not apply to certain situations.

An event that depends upon lower events but has not been
developed further.

A connection to another part of the tree. A line from the apex
indicates a transfer-in whereas a line from the side indicates

>

a transfer-out.

AND gate. Failure of next higher part will occur only if all
inputs fail (parallel redundancy).

OR gate. Failure of next higher part will occur if any input
fails (series reliability).

FDD 0L | FO

Inhibit gate. Combines AND and IF logic. Event A will occur
if B occurs and C’s value lies in some predetermined range.

advantages of design redundancy. When any of these issues is selected for analy-
sis, it is considered to be the “top event” that forms the main trunk from which
logic branches develop. The analysis proceeds by determining how the top event
can be caused by individual or combined lower-level events. As the fault tree
grows, its logic is separated into successively smaller events until each element
is sufficiently basic to be treated independently of other events. This separation
is recorded using AND and OR gates in addition to other standard symbols, as
shown in Table 2.4.

Normally, an engineering system’s failure tree would have a large number of
branches, gates, and elements that need a computer routine to keep track of the anal-
ysis. Many FTA programs are commercially available and can be used for generating
and evaluating large failure trees.
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FIGURE 2.13 Simple analysis of a gearbox failure.

Case Study 2.10: Application of FTA

Problem

Use FTA to analyze the possible causes of failure in a gearbox.

Solution

Figure 2.13 gives a simple analysis of the common causes of failure that are
encountered in a mechanical gearbox.

In addition to providing a qualitative view of the impact of each element on the sys-
tem, FTA can be used to quantify the top event probabilities from reliability predic-
tions of different events. In these calculations, an AND gate multiplies probabilities
of failure and an OR gate acts additively. Two events that are connected by an OR
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FIGURE 2.14 Sensitivity of system reliability to probabilities of failure of various
components. Numbers beside each event represent probabilities.

gate will have larger contribution to the failure of the system than similar two events
that are connected by an AND gate, as shown in Figure 2.14. Comparing events
1 and 2 with events 3 and 4 shows that the former events have much larger contribu-
tion to the higher event and need more accurate assessment and more care in design.

In performing an FTA, care should also be taken to identify common mode, or
common cause, failures. These can lead to the failure of all paths in a redundant
configuration, which practically eliminates its advantage. Examples of sources of
common mode failures include

1. Failure of a power or fuel supply that is common to the main and backup
units

2. Failure of a changeover system to activate redundant units

3. Failure of an item causing an overload and failure of the next item in series
or the redundant unit

An indirect source of failure that should be identified in performing FTA is the
enabling event. This event may not necessarily be a failure in itself but could cause
a higher level failure event when accompanied by a failure. Examples of enabling
events include

1. Redundant system being out of action due to maintenance
2. Warning system disabled for maintenance
3. Setting the controls incorrectly or not following standard procedures

Besides its use in design and reliability assessment, FTA can also be used as a tool
in troubleshooting, failure analysis, and accident investigations.
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2.8.3 FaiLure Locic MoDEL

The materials failure logic model (MFLM) proposed by Marriott and Miller (1982)
is based on the assumptions that

1. Material failure can be modeled as a logic sequence of elementary go/no-go
events.

2. Each material failure mechanism can be characterized by a logic expression,
which serves to identify that mechanism regardless of context.

The following case study is given as an example to illustrate the use of MFLM.

Case Study 2.11: Use of MFLM in Failure Analysis

Problem

Consider a welded low-carbon steel pressure vessel that failed during commis-
sioning at less than operating load.

Solution

The failure event can be described as

F=A-B-(Cl+C2)-D-E-G-H 2.8)

where
A is the low-alloy steel
B is the heat treatment defect resulting in brittle structure
C1 is the welding defect
C2 is the residual stress from welding
D is the presence of corrosive environment
E is the high residual stresses as a result of inappropriate postweld heat
treatment
G is the failure of nondestructive tests to detect initial defect
H is the failure to detect incorrect heat treatment of material
() - () is the Boolean AND operator
() + () is the Boolean OR operator

In this case, either of the following logic events could have been sufficient to
cause failure:

F1=A-B-C1-G-H 29

This means that the initial defect, combined with the brittle structure, constituted
a major risk:

F2=A-B-C2-D-E-H (2.10)

This means that stress corrosion cracking is likely to lead to crack growth even
in the absence of initial defect.
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2.8.4 FAILURE EXPERIENCE MATRIX

Collins and Daniewicz (2006) introduced the failure experience matrix as a means
of storing failure information for mechanical systems. The matrix is 3D, as shown in
Figure 2.15, with the axes defined as follows:

1. Failure modes. This axis covers the different types of failure, for example,
fatigue, corrosion, and wear.

2. Elemental mechanical functions. This axis covers all the different func-
tions that are normally performed by mechanical elements. Examples
include supporting, force transmitting, shielding, sliding, fastening, liquid
storing, pumping, and damping.

3. Corrective actions. This axis gives any measure or combination of steps
taken to return a failed component or system to satisfactory performance.
Examples of corrective actions include design change, change of material,
improved quality control, change of lubricant, revised procurement specifi-
cations, and change of vendor.

This system can be computerized and could be of help to engineers in design-
ing critical components. If the function of the component is entered, the system
will give the most likely modes of failure and the corrective actions needed to
avert them.

Information cell containing
cases where a change in
design was made to correct
Corrective T fatigue failure of a motion transmitting part

actions \
L el Change
_— éé‘ design
sl el "] Improve
= = ] material
e LT 1 Modity
// = processing
|1
L ]
/
L] // Others
L |~ Elemental
] L1 mechanical functions
LT
/r/ /( Plastic
) Fatigue yieldin
Failure Corrosion Y &
modes Wear
Others / Others
Transmit Transmit Support
force motion

FIGURE 2.15 Part of failure experience matrix, which can be used to store failure
information.
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2.8.5 EXPERT SYSTEMS

Another technique that was proposed by Weiss (1986) uses expert systems for failure
analysis. A logic program is written using LOGLISP language, which is a combina-
tion of logic, that is, predicate calculus and resolution, and LISP, which is the lan-
guage usually used for artificial intelligence.

The principal ingredients for failure analysis are symptom—cause relationships
and facts and rules about the system under consideration. For example, the presence
of a neck is a symptom of a failure due to tensile overload. Symptoms can be related
to loading, for example, tension, torsion, bending, and fatigue, and failure mode, for
example, neck, dimples, shear lips, beach marks, or cleavage.

Based on the observed symptoms, the expert system program gives the possible
causes of failure. Introducing more than one symptom for a given failure reduces the
number of possible causes of failure. For a realistic failure analysis case, the expert
system needs to interface with a material database and probably a finite element stress
analysis program. More information about expert systems is given in Section 9.7.

2.9 FAILURE PREVENTION AT THE DESIGN STAGE

Anticipating the different ways by which a product could fail while still at the design
stage is an important factor that should be considered when selecting a material or
a manufacturing process for a given application. The possibility of failure of a com-
ponent can be analyzed by studying on-the-job material characteristics, the stresses
and other environmental parameters that will be acting on the component, and the
possible manufacturing defects that can lead to failure. The various sections of the
analysis include the following:

1. Environmental profile. This provides a description of the expected service
conditions that include operating temperature and atmosphere, radiation,
presence of contaminants and corrosive media, other materials in contact
with the component and the possibility of galvanic corrosion, and lubrication.

2. Fabrication and process flow diagram. Such flow diagrams provide an
account of the effect of the various stages of production on the material
properties and of the possibility of quality control. Certain processes can
lead to undesirable directional properties, internal stresses, cracking, or
structural damage, which can lead to unsatisfactory component perfor-
mance and premature failure in service.

3. Failure logic models. These models describe all possible types of failure
and the conditions that can lead to those failures. In addition to its use
in failure analysis, the MFLM described earlier can be interfaced with a
computer-aided design system to aid the designer in the identification of
potential failures.

4. The failure mode effect analysis (FMEA) provides a logical way of identi-
fying all possible scenarios of failures of a product during the design stage
and how to modify the design to avoid them. The FMEA is described in the
following section.
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2.10 FAILURE MODE EFFECT ANALYSIS

FMEA is a step-by-step process for identifying all possible scenarios of failures
during the design of a product. The process can also be used during fabrication,
assembly, shipment, or service. The process identifies the different types of possible
failures and the consequences of each of them. Failures are prioritized according
to how serious their consequences are, how frequently they occur, and how easily
they can be detected. Actions can then be taken to eliminate or reduce such failures,
starting with the highest-priority ones. FMEA can be used in conjunction with FTA,
which was described in Section 2.8.2.

The FMEA process starts with identifying the different functions of the
product and the expected level of performance. The product subsystems and their
function and expected level of performance are then identified. For each function,
the possible modes of failure and possible consequences are identified. Failure
can be a result of upstream operation or can cause a downstream operation to
fail. The severity of each consequence (S) is then rated on a scale of 1 to 10,
with 1 being insignificant and 10 catastrophic. The possible cause of each failure
is then identified and rated according to the likelihood of occurrence (O) on a
scale of 1 to 10, with 1 being extremely unlikely and 10 being inevitable. The
ease with which the failure can be detected (D) is then evaluated and rated on a
scale from 1 to 10, with 1 being the failure can certainly be detected in time and
10 being the failure cannot possibly be detected with the available methods. The
risk priority number (RPN) is then calculated as (S x Ox D). Criticality is also
calculated by multiplying severity by occurrence (S x O). These numbers can be
used to rank potential failures in the order they should be addressed. Actions to
resolve the problem are then recommended. Such actions may include design or
process changes or the introduction of controls to improve detection. The FMEA
process is then repeated to ensure that the actions taken have resulted in reduced
PRN and criticality to within acceptable limits. The following design example
illustrates the application of FMEA in improving the performance of a water
storage tank.

Design Example 2.12: FMEA of a Water Storage Tank

Construct a FMEA for a water storage tank. The tank consists of a welded steel
shell, an inlet valve system, and an exit filter system. Table 2.5 gives an analysis
of the failure modes, consequences of such failures, possible causes, and likeli-
hood of detection. The scales described in Section 2.10 are used to evaluate RPN
and criticality.

The analysis shows that clogged filter and stuck inlet valve have the highest
RPN and criticality followed by cracked welds and cracked filter. Table 2.5
gives recommended actions to reduce risk of failure in various parts of the
storage tank.
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211 SUMMARY

1. Causes of failure of engineering components can usually be attributed to
design deficiencies, poor selection of materials, manufacturing defects,
exceeding design limits and overloading, or inadequate maintenance.

2. The general types of mechanical failure include yielding, buckling, creep,
wear, fracture, stress corrosion, and failure under impact loading.

3. Fracture toughness is defined as the resistance of materials to the propa-
gation of an existing crack and is a function of the critical stress inten-
sity factor K. Fracture toughness is widely used as a design criterion for
high-strength materials where ductility is limited. Higher values of K;-/YS,
where YS is the yield strength, are more desirable as they indicate tolerance
to larger flaws without fracture.

4. Brittle fractures of metals are usually associated with low temperatures and
usually take place at stress raisers such as sharp corners, surface defects,
inclusions, or cracks. Steels and other materials that have bcc lattice are
prone to brittle fracture at temperatures below the ductile—brittle transition.

5. Fatigue failures account for the largest number of mechanical failures in
practice and occur in components that are subjected to fluctuating loads.
The fatigue strength of most steels is usually about 0.4—0.6 times the tensile
strength.

6. Creep is a major factor at high temperatures and can cause fracture at
strains much less than the fracture strains in tensile tests. When the applied
creep load is fluctuating, failure takes place by a combination of creep and
fatigue.

7. Thermal fatigue takes place as a result of repeated changes in temperature.
Faster changes in temperature, lower thermal conductivity, higher elastic
constant, higher thermal expansion coefficient, lower ductility, and thicker
sections encourage thermal fatigue. Ceramics are particularly prone to this
type of failure.

8. Several experimental and analytical techniques are available for the analy-
sis of failure and for predicting its occurrence at the design stage. FMEA is
a step-by-step process for identifying all possible scenarios of failures and
the consequences of each of them. Failures are prioritized and actions are
then taken to eliminate or reduce such failures, starting with the highest-
priority ones.

REVIEW QUESTIONS

2.1 K for the aluminum alloy used in making a structure is 45 MPa (m)2. If the
structure contains a crack 2.5 mm long, what is the applied stress that will
cause fracture? Assume Y=1.

2.2 If the available NDT equipment can detect internal cracks 1 mm in length
or longer, determine whether or not alloy AA 7475-T651 with YS=462 MPa
and K,.=47 MPa (m)"? can be safely used to make a component that will be
subjected to a tensile stress of 390 MPa. Assume Y=2.
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2.3 Explain the difference between alternating stress and fluctuating stress cycles.
Which one of these loading modes is encountered in the motorcar rear axle
and the connecting rod of an internal combustion engine?

2.4 Why is fatigue failure a potentially serious problem in many welded steel
structures? What are the best ways of avoiding such failure?

2.5 A manufacturer of sports equipment is considering the possibility of using
fiber-reinforced plastics (FRPs) in making racing bicycle frames. It is expected
that fatigue failures of the joints could be a problem in this case. Describe a
design and testing program that can solve this problem.

2.6  Use FTA to analyze the possible causes of failure of a motorcar to start.

2.7  Maraging 300 and AISI 4340 (T=260°C) steels are being considered for mak-
ing a structure. If the available NDT equipment can only detect flaws greater
than 3 mm in length, can we safely use either of these alloys for designing a
component that will be subjected to a stress of 600 MPa? Use the information
in Table 4.7 and take Y=1.

2.8 Construct an FMEA table for a flashlight.

BIBLIOGRAPHY AND FURTHER READINGS

Blinn, M.P. and Williams, R.A., Design for fracture toughness, in Materials Selection and
Design, ASM Handbook, Vol. 20, Dieter, G.E., Ed. ASM International, Materials Park,
OH, 1997, pp. 533-544.

Bowman, K., Introduction to Mechanical Behavior of Materials, Wiley, New York, 2003.

Boyer, H.E. and Gall, T.L., Metals Handbook, Desk edn., ASM, Metals Park, OH, 1985.

Brooks, C.R. and Choudhury, A., Failure Analysis of Engineering Materials, McGraw-Hill,
New York, 2001.

Callister, W.D. and Rethwisch, D.G., Materials Science and Engineering, 8th edn., SI Version,
Wiley, New York, 2011.

Colangelo, V.J. and Heiser, F.A., Analysis of Metallurgical Failures, Wiley, New York, 1987.

Collins, J.A. and Daniewicz, S.R., Failure modes: Performance and service requirements for
metals, in Handbook of Materials Selection, Kutz, M., Ed. Wiley, New York, 2002,
pp. 705-773.

Collins, J.A. and Daniewicz, S.R., Failure modes: Performance and service requirements for
metals, in Mechanical Engineers’ Handbook: Materials and Mechanical Design, 3rd
edn., Kutz, M., Ed. Wiley, Hoboken, NJ, 2006, pp. 860-924.

Cook, N.H., Mechanics and Materials for Design, McGraw-Hill, New York, 1985.

Courtney, T.H., Mechanical Behavior of Materials, 2nd edn., McGraw-Hill College, Blacklick,
OH, 1999.

Das, A.K., Metallurgy of Failure Analysis, McGraw-Hill, New York, 1997.

Dieter, G., ASM Metals Handbook, Vol. 20, Materials Selection and Design, ASM International,
Materials Park, OH, 1997.

Dowling, N., Mechanical Behavior of Materials, 3rd edn., Prentice-Hall, New York, 2006.

Farley, J.M. and Nickols, R.W., Non-Destructive Testing, Pergamon Press, London, U.K., 1988.

Flinn, R.A. and Trojan, P.K., Engineering Materials and Their Applications, 4th edn.,
Houghton Mifflin Co., Boston, MA, 1990.

Hosford, W.E., Mechanical Behavior of Materials, Cambridge University Press, London,
U.K., 2005.

Huffman, D.D., Metals Handbook, 8th edn., Vol. 11, Failure Analysis and Prevention, ASM
International, Materials Park, OH, 1988.



70 Materials and Process Selection for Engineering Design

Jones, D.R.H., Failure Analysis Case Studies II, Pergamon Press, Oxford, U.K., 2001.

Kutz, M., Handbook of Materials Selection, Wiley, New York, 2002.

Kutz, M., Mechanical Engineers’ Handbook: Materials and Mechanical Design, 3rd edn.,
Wiley, Hoboken, NJ, 2006.

Marriott, D.L. and Miller, N.R., Materials failure logic models, Trans. ASME J. Mech. Des.,
104, 628-634, 1982.

Parker, A.P., The Mechanics of Fracture and Fatigue, E.&F.N. Spon Ltd., London, U.K., 1981.

Rolfe, S.T. and Barson, J.M., Fracture and Fatigue Control in Structures, Prentice-Hall,
Englewood Cliffs, NJ, 1977.

Rollason, E.C., Metallurgy for Engineers, 4th edn., Edward Arnold, London, U.K., 1977.

Schaffer, J.P., Saxena, A., Antolovich, S.D., Sanders, T.H., Jr., and Warner, S.B., The Science
and Design of Engineering Materials, McGraw-Hill, Boston, MA, 1999.

Tawancy, H.M., Ul Hamid, A., and Abbas, N.M., Practical Engineering Failure Analysis,
Marcel Dekker, New York, 2004.

Weiss, V., Towards failure analysis expert systems, ASTM Stand. News, April, 30-34, 1986.

Waulpi, D.J., Understanding How Materials Fail, ASM, Metals Park, OH, 1985.



3 Corrosion, Wear, and
Degradation of Materials

3.1 INTRODUCTION

Engineering materials, to varying degrees, are susceptible to degradation as a result
of interaction with the environment in which they serve. Such degradation can be
classified into three main categories:

1. Corrosion and oxidation
2. Wear
3. Radiation damage

Corrosion may be defined as the unintended destructive chemical or electrochemical
reaction of a material with its environment. Metallic, polymeric, and ceramic mate-
rials are susceptible to attack from different environments, and although the corro-
sion of metals is electrochemical in nature, the corrosion of other materials usually
involves chemical reaction.

Oxidation represents a direct chemical reaction between the material and oxygen.
There are various mechanisms for building up an oxide layer on the material surface.
For some metals, such as pure aluminum, the oxide layer is strong and impervious
and provides protection against further oxidation. For others, such as plain-carbon
steels, the oxide layer is weak and porous and is not protective.

The nature, composition, and uniformity of the environment and the attacked surface
can greatly influence the type, rate, and extent of attack. In addition, externally imposed
changes and changes that occur as a result of corrosion and oxidation processes them-
selves are known to influence the type and rate of attack. Corrosion and oxidation fre-
quently lead to failure of engineering components or render them susceptible to failure
by some other mechanisms. The rate and extent of corrosive attack that can be tolerated
in a certain component depend on the application. For example, in many structural appli-
cations, some uniform corrosion or oxidation can be allowed, while in food-processing
equipment, for instance, even a minute amount of metal dissolution is not tolerated.

Wear is another form of material degradation that is usually mechanical, rather
than chemical, in nature. The material is removed from the surface by the mechani-
cal action of another solid or liquid. The rate of wear is usually accelerated in the
presence of corrosion.

Radiation can cause damage to all types of materials. The nature of damage var-
ies with the nature of radiation. Damage by ultraviolet (UV) radiation is principally
encountered in polymers. In nuclear reactors, damage to the construction materials
occurs by the bombardment of neutrons. Although damage takes place on the atomic
scale, it generally leads to large-scale changes in strength and ductility.

71



72 Materials and Process Selection for Engineering Design

The goal of this chapter is to illustrate how engineering materials degrade as a
result of environmental attack and the measures that can be taken to prevent or delay
the harmful effects of degradation. The main objectives are to

1. Review the electrochemical principles of corrosion and to use them to
describe the different types of corrosion in metallic materials

. Examine the combined effect of stress and corrosion on the behavior of
materials in service

. Discuss the corrosion of polymers and ceramics

. Examine how metallic materials oxidize in service

. Describe widely used methods of corrosion control

. Discuss the different types of wear and radiation damages

[\
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3.2 ELECTROCHEMICAL PRINCIPLES OF METALLIC CORROSION

In the case of metallic materials, where corrosion takes place by electrochemical
attack, the corroding metal is the anode in a galvanic cell, and the cathode can be
another metal, a conducting nonmetal, or an oxide, as shown in Figure 3.1. The reac-
tion can be written as

M —» M" +ne” 3.1
where M stands for the metal atom which emits 7 electrons and becomes a positive ion.
In oxygen-free liquids, such as stagnant water or HCI, the cathode-reduction

reaction results in the evolution of hydrogen, usually called the hydrogen electrode:

2H" +2¢” — H, (3.2)

e—_,//ﬁ_,
1\

o~ —
Electrolyte

Anode
Cathode

(D~

Ions

FIGURE 3.1 Electrochemical cell.
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In aerated water, oxygen is available and an oxygen electrode is formed:
0,+2H,0+4e” — 40H 3.3)

This reaction enriches the electrolyte in OH- ions that react with the metal ions,
M+, to form a solid product. For example, Fe** combines with two OH~ ions to form
Fe(OH), or rust.

When two metals are placed in a galvanic cell, one of them assumes the role of
the anode, and the other assumes the role of the cathode based on their relative ten-
dency to ionize. For example, iron becomes the anode when placed with copper in
a galvanic cell because of its stronger tendency to ionize. However, iron becomes
the cathode when placed with zinc in the galvanic cell because of the stronger ten-
dency of zinc to ionize. Table 3.1 ranks some common metals and alloys in order of
their tendency to ionize in seawater. This galvanic series is a useful guide to design
engineers in predicting the relative behavior of electrically connected metals and
alloys in marine applications. Figure 3.2 shows examples of galvanic corrosion,
in which dissimilar metals are unwisely placed in contact in the presence of an
electrolyte.

Corrosion by galvanic action can also take place in a single electrode as a result
of local variations in metal composition or ion concentration in the electrolyte.
For example, if a piece of iron is immersed in oxygenated water, ferric hydroxide,
Fe(OH),, will form at microscopic local anodes as shown in Figure 3.3. In this case,
the anodic reaction is

Fe — Fe’" +2¢” (34)
The reaction at the local cathode is
0,+2H,0+4e” - 40H" 3.5
The overall reaction is obtained by adding the two reactions 3.4 and 3.5 to give
2Fe +2H,0+ 0, — 2Fe’" +40H™ — 2Fe(OH), (3.6)

The ferrous hydroxide is further oxidized to ferric hydroxide to give the red color of
iron rust:

2Fe(OH), +H,0 + % 0, = 2Fe(OH); 3.7

3.3 TYPES OF METALLIC CORROSION

Corrosion of metallic materials may occur in a number of forms, which differ
in appearance.
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TABLE 3.1
Position of Some Metallic Materials in the Galvanic
Series Based on Seawater

Protected, noble, or cathodic end

Platinum

Gold

Graphite

Titanium

Silver

Chlorimet 3 (61 Ni, 18 Cr, 18 Mo)

Hastelloy C (62 Ni, 17 Cr, 15 Mo)

Inconel 625 (61 Ni, 21.5 Cr, 9 Mo, 3.6 Nb)
Incoloy 825 (21.5 Cr, 42 Ni, 3 Mo, 30 Fe)

Type 316 stainless steel (passive)

Type 304 stainless steel (passive)

Type 410 stainless steel (passive)

Monel alloy 400 (66.5 Ni, 31.5 Cu)

Inconel alloy 600 (passive) (76 Ni, 15.5 Cr, 8 Fe)
Nickel 200 (passive) (99.5 Ni)

Leaded tin bronze G, 923, cast (87 Cu, 8 Sn, 4 Zn)
Silicon bronze C65500 (97 Cu, 5 Al)

Admiralty brass C44300, C44400, C44500 (71 Cu, 28 Zn, 1 Sn)
Chlorimet 2 (66 Ni, 32 Mo, 1 Fe)

Hastelloy B (60 Ni, 30 Mo, 6 Fe, 1 Mn)

Inconel 600 (active)

Nickel 200 (active)

Naval brass C46400 to C46700 (60 Cu, 39.25 Zn, 0.75 Sn)
Muntz metal C28000 (60 Cu, 40 Zn)

Tin

Lead

Type 316 stainless steel (active)

Type 304 stainless steel (active)

Lead-tin solder (50 Sn, 50 Pb)

Cast irons

Low-carbon steels

Aluminum alloy 2117 (2.6 Cu, 0.35 Mg)
Aluminum alloy 2024 (4.5 Cu, 1.5 Mg, 0.6 Mn)
Aluminum alloy 5052 (2.5 Mg, 0.25 Cr)
Aluminum alloy 3004 (1.2 Mn, 1 Mg)

Aluminum 1100, commercial-purity aluminum (99 Al min, 0.12 Cu)
Galvanized steel

Zinc

Magnesium alloys

Magnesium

Corroded, anodic, least noble end
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FIGURE 3.2 Examples of galvanic corrosion between dissimilar metals in contact with one

another in the presence of an electrolyte. (a) Copper and iron with the fluid inside the tubes as the
electrolyte. (b) Aluminum and steel with water from rain, splash or condensation as the electrolyte.
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(=) [
Fe(OH)2 <,
(o) )

FIGURE 3.3 Corrosion of iron in water containing oxygen.
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3.3.1  GeNERAL CORROSION

General or atmospheric corrosion of metals is probably the most commonly encoun-
tered and the most significant, in terms of economic losses, form of corrosion. When
a metal is exposed to the atmosphere, its surface is covered with a thin layer of
condensed or adsorbed water, even at relative humidity <100%, and this layer can
act as the electrolyte. The presence of industrial contaminants in the atmosphere
increases the corrosion rate. Examples are dust, sulfur dioxide, and ammonium sul-
fate. Sodium chloride is also an impurity, which is present in marine atmospheres,
and it increases the corrosion rate.

General corrosion does not usually lead to sudden or unexpected failure, but grad-
ual reduction in thickness needs to be taken into account during the design stage, as
illustrated in Example 3.1.

Design Example 3.1: Effect of General Corrosion on Service Life

Problem

The rate of corrosion of a steel tank is measured regularly and is approximately
constant, 50 mg/dm?/day. What is the useful life of the tank if the initial thick-
ness is 10 mm and the minimum safe thickness is 6 mm?

Solution

Taking the density of steel as 7.8 g/cc, the weight loss=0.050 g=10x 10x 7.8 x 1,
and ¢=the thickness loss per day=6.41 x 10> cm=6.41 x 10~ mm,

Useful life = # =6.24x10° days = 17 years

3.3.2 Garvanic CORROSION

When dissimilar metals are in electric contact in an electrolyte, the less noble metal
becomes the anode in the galvanic cell and is attacked to a greater extent than if it
were exposed alone. The more noble metal becomes the cathode and is attacked
to a lesser extent than if it were exposed alone. The severity of galvanic corrosion
depends on the separation of the two metals in the galvanic series (Table 3.1). In
most cases, metals from one group can be coupled with one another without causing
a substantial increase in the corrosion rate.

Another factor that affects the severity of galvanic corrosion is the relative areas
of the anodic metal to the cathodic metal. Because the density of current is higher
with small anode, a steel rivet in a copper plate will be more severely corroded than
a steel plate containing a copper rivet.

Galvanic corrosion can also take place between two different areas of a structure,
which is made of the same metal and immersed in the same electrolyte, if the contact
areas are at different temperatures. For a steel structure in contact with dilute aerated
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chloride solution, the warmer area is anodic to the colder area, whereas for copper in
aqueous salt solution, the warmer area is cathodic to the colder area.

If a structure, which is made of the same material, is in contact with two different
concentrations of an electrolyte, concentration—cell corrosion will take place. This
type of attack is known to take place in buried metals as a result of their being in con-
tact with soils that have different chemical compositions, especially with respect to
the concentration of sodium chloride, sodium sulfate, and organic acids. Differences
in water contents or degrees of aeration can also be detrimental. Corrective action
in such cases usually involves coating of the buried metal in asphalt, enclosing in a
concrete trough, or adopting cathodic protection.

Design Example 3.2: Avoiding Galvanic Corrosion

Problem

Plain-carbon steel bolts, which were used to fasten an aluminum roof truss,
exhibited severe corrosive attack:

1. How would you explain this problem?
2. What action would you recommend to avoid this problem?

Analysis

According to the galvanic series in Table 3.1, steel should be protected since it is
higher than aluminum. However, with the tendency of aluminum to form strong
nonporous oxide film, the galvanic couple is actually between Al,O; and steel,
with steel being the anode. The corrosion rate of the steel bolts is increased as a
result of their small area compared with the cathode.

Solution

It is recommended to use high-strength aluminum alloy fasteners. Although
aluminum fasteners are more expensive than steel bolts, they are expected to
give a longer trouble-free service.

3.3.3 CRrevice CORROSION

Crevice corrosion occurs within confined spaces or crevices formed when components
are in close contact. A crevice at a joint between two metallic surfaces or between a
metallic and nonmetallic surface provides conditions for concentration—cell corrosion,
as shown in Figure 3.4. The area of the metallic surface just inside the crevice becomes
anodic and suffers faster attack than other surfaces as a result of the oxygen concentra-
tion difference in the two locations. For crevice corrosion to occur, the crevice must be
wide enough to allow liquid to enter but sufficiently narrow to keep the liquid stagnant.

Crevice corrosion occurs under gaskets, rivets, and bolts and under porous depos-
its. This type of corrosion is called poultice corrosion when it occurs beneath the
shielded areas caused by mud splashes and road debris thrown by motorcar tires on
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p Cathodic reaction
< <

Anodic reaction

FIGURE 3.4 Crevice corrosion as a result of differences in concentration.

the underside of the fenders and other parts of the car body. Crevice corrosion occurs
in many metallic materials including carbon and stainless steels and titanium, alu-
minum, and copper alloys.

Crevice corrosion can be minimized by taking appropriate precautions in design
and manufacture of components and assemblies. These include using weldments
instead of rivets, application of passivation compounds such as chromates and nitrates
to surfaces, using nonabsorbent gaskets, and provision of complete drainage in vessels
where stagnant solutions may accumulate. Cathodic protection and addition of corro-
sion inhibitors to bulk solutions could also be effective in preventing crevice corrosion.

3.3.4 Pit1iING CORROSION

Pitting is a form of localized attack that produces pits or holes in a metal. Pitting
corrosion occurs when one area of the surface becomes anodic with respect to the
rest of the surface due to segregation of alloying elements or inclusions in the micro-
structure. Surface deposits that set up local concentration cells, dissolved halides
that produce local anodes by rupture of the protective oxide film, or mechanical
ruptures in protective organic coatings are also common sources of pitting corrosion.
Differences in ion and oxygen concentrations create concentration cells, which can
also initiate pits.

Failure due to pitting can occur unexpectedly because of its localized nature. Pits
may also contribute to the initiation of fatigue cracks in components subjected to
fatigue by acting as notches.

Selection of materials with adequate pitting resistance is among the measures
that can be taken to avoid failures. For example, titanium and type 316 stainless steel
have better pitting corrosion resistance than type 304 stainless steel.

3.3.5 INTERGRANULAR CORROSION

Intergranular attack is another type of localized corrosion, which takes place at grain
boundaries when they become more susceptible to corrosion than the bulk of the grains.
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FIGURE 3.5 Corrosion of a sensitized stainless steel near the weld area.

Intergranular attack is often strongly dependent on the mechanical and thermal
treatment given to the alloy. For example, unstabilized stainless steels are susceptible
to intergranular corrosion when heated in the temperature range of 550°C-850°C
(1000°F-1550°F). In this sensitizing temperature range, chromium combines with
carbon to form chromium carbides, which precipitate at the grain boundaries, and
this depletes the neighboring areas of chromium. In many corrosive environments,
the chromium-depleted areas are attacked. Intergranular attack may take place in
welded joints in the areas that were heated to the sensitizing temperature range, as
shown in Figure 3.5. Dissolving chromium carbides by solution heat treatment at
1060°C-1120°C (about 1950°F-2050°F) followed by water quenching eliminates
sensitization. Susceptibility of stainless steels to sensitization can also be reduced
by reducing the carbon content to <0.03% as in the case of extra-low-carbon grades,
for example, 304L, or by adding sufficient titanium and niobium to combine with all
the carbon in the steel, for example, 347 or 321 stainless steels. The following case
study illustrates how intergranular corrosion occurs in practice and how to avoid it.

Design Example 3.3: Failure of an Exhaust Pipe Assembly

Failure Analysis

An exhaust pipe assembly of a racing motorcar was found to be cracked at the
toe of a weld between a pipe and flange after one season of racing. Examination
of the cracked surface with a magnifying lens showed signs of brittle fracture,
and no measurable deformation and microscopic examination of polished and
etched samples of the fractured pipe revealed relatively large precipitates, some
of which were connected by cracks at the grain boundaries in the heat-affected
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zone. Chemical analysis gave the following results: C=0.15%, Cr=18%, and
Ni=9%, which are close to AISI 302 stainless steel.

Conclusion

Failure took place as a result of intergranular corrosion as a result of Cr depletion
near chromium carbide precipitates.

Recommended Action

After welding of the exhaust pipe assembly, heat to a temperature of 1100°C to
dissolve chromium carbides and cool rapidly by quenching in water.

3.3.6  SELECTIVE LEACHING

Some alloys are susceptible to selective leaching, or dissolution, where the less
corrosion-resistant element is removed by corrosion. Common examples include
dezincification, where zinc is removed from brasses, and graphitic corrosion or
graphitization, where iron is removed from gray cast irons. The severest attack occurs
when the dissolved material is present as a continuous phase. There may be a little
change in the geometry of the component, but the mechanical properties are severely
reduced and unexpected fracture could occur. Dezincification can be minimized by
changing to a brass with lower zinc content (85% Cu, 15% Zn) or to cupronickel
(70%-90% Cu, 10%—-30% Ni).

3.4 COMBINED ACTION OF STRESS AND CORROSION

During their service life, components may be subjected to corrosion in addition to
the normal stresses they are designed to bear. Experience has shown that the corro-
sion rate of some materials is accelerated as a result of stress. In some cases, chemi-
cal attack does not take place in the absence of stresses.

3.4.1 Stress CORROSION CRACKING

Stress corrosion cracking (SCC) occurs in some alloys as a result of the combined
effect of tensile stresses and chemical attack. The stresses involved in SCC can
be either due to normal service loads or due to residual stresses resulting from
manufacturing and assembly processes. Examples of manufacturing processes,
which could lead to residual stresses, include casting, welding, cold forming, and
heat treatment.

Normally, a threshold stress is required for SCC to occur, and shorter lives are
expected with higher stresses. This threshold stress may be as low as 10% of the
yield stress and is not usually a practical design stress. The susceptibility of an alloy
to SCC is often a function of the content of major alloying elements, such as nickel
and chromium in stainless steels and zinc in brasses. Increasing the strength is also
known to increase the susceptibility to SCC.
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Another important factor that affects the occurrence of SCC is the environ-
ment. The presence of certain ions, even in small concentrations, can be detrimen-
tal to some alloys but not to others. For example, stainless steels crack in chloride
environments but not in ammonia-containing environments, whereas brasses crack
in ammonia-containing environments but not in chlorides.

In the presence of certain chemicals and under the influence of stress, some
plastics can fail by gradual cracking. This is known as environmental stress crack-
ing. For example, polyethylenes suffer environmental stress cracking in deter-
gents and oils.

SSC may be reduced or prevented by using one or more of the following methods:

1. Lowering the stress below the threshold value by eliminating residual
stresses and reducing externally applied stresses.

2. Eliminating the critical environmental species, such as ammonia with
copper alloys, seawater with austenitic stainless steels, and caustic with
carbon steels.

3. Selecting the appropriate alloy. For example, carbon steels, rather than
stainless steels, are often used in the construction of heat exchangers used
in contact with seawater. This is because carbon steels are more resis-
tant to SCC although they are less resistant to general corrosion than
stainless steels.

. Applying cathodic protection, as discussed in Section 3.7.

. Adding inhibitors to the system, as discussed in Section 3.7.

. Applying protective coatings, as discussed in Section 4.9.

. Introducing residual compressive stresses in the surface by processes such
as shot peening to avoid residual tensile stresses, which increase SCC.

N N L B

3.4.2 CoRrrOSION FATIGUE

Corrosion fatigue is caused by the combined effects of fluctuating stresses and cor-
rosive environment. Unfavorable environments cause fatigue cracks to be initiated
within fewer cycles and increase the crack growth rate, thus reducing the fatigue life.
For example, the fatigue strength of smooth samples of high-strength steel in saltwa-
ter can be as little as 12% of that in dry air as shown in Table 6.4. Under saltwater
conditions, the smooth surface is attacked, creating local stress raisers that make the
initiation of fatigue cracks much easier. Saltwater also increases crack growth rate in
steels. However, austenitic stainless steels and aluminum bronzes retain about 75%
of their normal fatigue strength when tested in seawater.

Under corrosion fatigue conditions, the frequency of the stress cycle, the shape
of the stress wave, the stress ratio, as well as the magnitude of the cyclic stress and
the number of cycles affect the fatigue life. Generally, corrosion fatigue strength
decreases as the stress frequency decreases, because this allows more time for inter-
action between the material and environment. This effect is most important at fre-
quencies of <10 Hz. The temperature, pH, and aeration of the environment affect the
corrosion fatigue life.
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Many of the methods used to reduce or eliminate SCC can also be used to combat
corrosion fatigue. Among the possible methods are the following:

1. Reducing the applied stress by changing the design and eliminating tensile
residual stresses
2. Introducing residual compressive stresses in the surface, to avoid tensile
stresses, which increase corrosion fatigue
. Selecting the appropriate materials
. Using corrosion inhibitors
5. Applying protective coatings

OS]

3.4.3 ErosioN CORROSION

Erosion corrosion can be defined as the acceleration of the rate of corrosion in a metal-
lic material under wear and abrasion conditions. Metallic surfaces that have been sub-
jected to erosion corrosion are characterized by the appearance of grooves, valleys, pits,
and other means of surface damage, which usually occur in the direction of motion.

The increased corrosion rate in carbon steel pipes conveying sand slurries and
similar sludge is believed to be due to the removal of the surface rust by the abrasive
action of the hard suspended particles, thus allowing easy access of dissolved oxygen
to the corroding surface.

3.4.4 CaviTATION DAMAGE

Cavitation damage occurs in a metallic surface where high-velocity liquid flow and
pressure changes exist, as in the case of pump impellers and ship propellers. The dam-
age is caused as a result of the formation and collapse of air bubbles or vapor-filled
bubbles in the liquid near the surface. It has been shown that localized pressures as
high as 400 MPa (60,000 psi) can be generated as a result of collapsing vapor bubbles.
Such pressures are capable of removing surface films or even tearing metal particles
away from the surface. Cavitation damage increases the corrosion and wear rates.

3.4.5 FRrRerTING CORROSION

Fretting corrosion takes place between mating surfaces that are subjected to sliding
and vibrations, as in the case of shafts and bearings. The damage appears as grooves
or pits surrounded by corrosion products, which have been torn loose by the wear-
ing action. Damage is accelerated as more debris accumulate and act as an abrasive
between the two surfaces.

3.5 CORROSION OF PLASTICS AND CERAMICS

Plastics and ceramics do not corrode in the same way as metals since they are elec-
tric insulators. They do not suffer any of the damage caused by corrosion in metals.
In many cases, plastic parts can be used to insulate metal parts from corrosive inter-
action. However, plastics and ceramics can suffer chemical reaction, dissolution, or
absorption, depending on the type of material and the nature of solution.
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3.5.1 CORROSION OF PLAsTICS

Plastics are only slightly affected by the atmosphere but can be affected by sunlight.
Plastic coatings degrade and crack as they lose their plasticizers and cross-link by
oxygen. UV radiation from sunlight accelerates this degradation.

Plastics are generally resistant to water, but there is a small percentage of water
absorption except for Teflon. Polyethylene, acrylics, and polyester are less absorbent
than others (Table 3.2).

Plastics show a wide variation in their resistance to chemicals, but most of them
are resistant to weak acids and alkalis. Strong acids, strong alkalis, and organic sol-
vents attack certain plastics, as shown in Table 3.2. An important rule in predicting the
performance of plastics in organic solvents is that “like dissolves like.” For example,
straight-chain polymers tend to dissolve in straight-chain solvents such as ethyl alco-
hol, whereas those with benzene rings tend to dissolve in benzene and other aromatic
solvents. Table 3.3 gives the effect of some chemicals on the strength of selected plas-
tics. Increasing the molecular weight and crystallinity decreases the attack by organic
solvents. The most resistant plastics are Teflon, polyethylene, and vinyl.

TABLE 3.2
Relative Chemical Stability of Selected Polymeric Materials

Water Weak Strong  Weak  Strong  Organic
Material Absorption®  Acids  Acids  Alkalis  Alkalis  Solvents
Thermoplastics
Fluoroplastics 0 5 5 5 5 5
Polyethylene 0.01-0.02 5 2 5 5 5
Polyvinylidene chloride 0.04-0.10 5 3 5 5 3
Vinyl chloride 0.45 5 3 5 3 2
Polycarbonate — 5 3 5 3 2
Acrylics 0.03 3 3 5 3 1
Polyamides (nylon) 1.5 3 1 5 3 3
Acetals — 2 1 2 1 5
Polystyrene 0.04 3 1 3 1 1
Cellulose acetate 3.80 3 1 3 1 2
Thermosets
Epoxy 0.10 5 3 5 5 3
Melamine 0.30 5 1 5 1 5
Silicones 0.15 5 3 3 2 3
Polyesters 0.01 3 1 2 1 2
Ureas 0.60 3 1 2 1 2
Phenolics 0.07-1.00 2 1 2 1 3

Note: 1, poor: rapid attack; 2, fair: temporary use; 3, good: reasonable service; 4, very good: reliable
service; 5, excellent: unlimited service.
2 After 24 h of immersion (wt.%).
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TABLE 3.3
Relative Tensile Strength in Polymers after 24 h Exposure
to Chemicals at 93°C

Polyphenylene
Sulfide Nylon 6/6  Polycarbonate  Polysulfone
Hydrochloric acid (37%) 100 0 0 100
Sulfuric acid (30%) 100 0 100 100
Sodium hydroxide (30%) 100 89 7 100
Gasoline 100 80 99 100
Chloroform 87 57 0 0
Ethylene chloride 72 65 0 0
Phenol 100 0 0 0
Ethyl acetate 100 89 0 0

Source: Data based on Kuhn, H. and Medlin, D., Advanced Materials and Processes, Guide to
Engineering Materials, Vol. 138, ASM International, Materials Park, OH, 1988.

3.5.2 CorrosioN oF CERAMICS

Ceramics are only slightly affected by the atmosphere. The main danger is the effect
of water as it enters the cracks or joints and expands on freezing. Salt in water aggra-
vates this problem. Acids associated with air pollution could also cause damage.
Nonporous ceramics are widely used for water containment, as in the case of glass-
lined and enameled steel tanks, water pipes, etc.

There are wide differences in the resistance of ceramics to chemicals. Fused silica
and borosilicate glasses are very resistant, but soda-lime silica glasses are slowly
attacked by alkalis. Glasses are attacked by hydrofluoric acid (HF). Organic solvents
have no effect on ceramics.

3.6 OXIDATION OF MATERIALS

Many materials, metallic and nonmetallic, combine with oxygen during service,
especially at elevated temperatures. In the case of metals, the high-temperature oxi-
dation is particularly important in the design of gas turbines, rocket engines, and
high-temperature petrochemical equipment. Unlike electrochemical corrosion, oxi-
dation does not require an electrolyte as part of the process.

3.6.1 OXIDATION OF METALS

In metals, oxidation often starts rapidly and continues until an oxide film or scale is
formed on the surface. After this stage, the rate of further oxidation depends on the
soundness of the oxide film. The degree of protection provided by the oxide film to
the metal surface depends on several factors including the following:
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1. The ratio of volume of the oxide layer to the volume of the metal used in
forming it should be close to unity to avoid excessive internal stresses in the
oxide layer.

2. The film should strongly adhere to the metal surface to avoid peeling off.

3. The coefficient of expansion of the oxide should be close to that of the metal
to avoid excessive internal stresses in the oxide layer on cooling from the
oxidation temperature.

4. The film should have low conductivity and low diffusion coefficients for
metal ions and oxygen to prevent or reduce further oxidation of the metal.

5. The film should have good, high-temperature plasticity, high melting point,
and low vapor pressure to avoid cracking and ensure high-temperature
stability.

If the oxide film is porous and allows continuous access of oxygen to the metal sur-
face, oxidation will continue until all the material is oxidized. Examples of such met-
als include sodium and potassium. The rate at which oxidation occurs, as represented
by the oxide film thickness, 7, in such cases, can be given by a linear relationship:

T =Kt (3.8

where
K is a constant
t is the exposure time

A parabolic relationship is observed when diffusion of ions or electrons through a non-
porous oxide film is the controlling factor, as in the case of iron, copper, and nickel:

T =(Kn)"? (3.9

A logarithmic relationship is observed when the oxide film is dense, impervious, and
exceptionally protective against further oxidation, as in the case of aluminum and
chromium. The degree of protection provided by the oxide film increases as its thick-
ness increases, and oxidation practically stops after a critical thickness is reached:

T =Klog (ct+1) (3.10)

where c is a constant.

The ratio of the volume of the oxide film to the volume of the metal used in
making it is called the Pilling-Bedworth (P-B) ratio. It may be calculated from the
relationship

volume of oxide produced by oxidation _ Wd

P —B ratio = —— = 3.1
volume of metal consumed by oxidation ~Dw
where
W and w are the molecular weights of the oxide molecules and metal atoms,
respectively

D and d are the densities of the oxide and metal, respectively
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When the P-B ratio is much less than unity, the oxide is nonprotective because it
will be porous and cracked. However, if it is much greater than unity, the oxide may
crack off because of the volume difference. The following example illustrates how
the P-B ratio is calculated.

Design Example 3.4: Calculation of the P-B Ratio
Problem

Compare the P—B ratios of the oxidation of Al, Mg, and W and use the results to
explain the behavior of their oxide layers.

Solution

The oxidation reactions can be represented by

4A1+30, — 2Al,0;
2Mg+ 0, — 2MgO

2W +30, - 2WO,

The molecular weights of Al, Mg, and W are 26.98, 24.32, and 183.85, and those
of their oxides are 101.96, 40.32, and 231.85, respectively. The densities of Al,
Mg, and W are 2.7, 1.74, and 19.25, and those of their oxides are 3.7, 3.58, and 7.3,
respectively:

(101.96x2.7)

P — B ratio for Al = =1.379
(2x26.98%x3.7)

P — B ratio for Mg = (40.32x1.74) =0.806
(24.32x3.58)

P —B ratio for W = w =3.325

(183.85%7.3)

The P-B ratio for Al is close to unity and is, therefore, expected to provide better
protection than that for either Mg, which is less than unity, or W, which is higher
than unity. Experience substantiates these observations.

In many cases, the compositions and characteristics of oxide films can be changed by
adding alloying elements to the base metal. For example, chromium, aluminum, and
silicon are added to iron to modify its normally porous oxide layer and make it more
protective. Materials for elevated-temperature service can also be protected against
oxidation by applying protective coatings.
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3.6.2 OXIDATION OF PLASTICS

Most plastics and rubbers oxidize in the presence of oxygen. Rubbers are especially
susceptible to oxidation, and the process is called aging. The reaction of oxygen with
rubber initially reduces elasticity and increases hardness. This is because oxygen dif-
fuses into the structure and provides additional cross-linking. As aging proceeds, the
rubber degrades and eventually loses most of its strength. The rate of aging depends on
the temperature, type of atmosphere, material composition, and method of manufacture.

Oxygen may also cause depolymerization or chain scission, permitting small
molecules to escape as a gas, or cause charring or even burning of the polymer at
high temperatures. Polymers based on silicon rather than carbon are more resistant
to oxidation and can be used at higher temperatures.

3.6.3 OxipaTioN OF CERAMICS

Most oxide ceramics are not significantly affected by oxygen, even at high tempera-
tures. Carbides and nitrides can oxidize, which limits their use at high temperatures.

3.7 CORROSION CONTROL

Corrosion can be prevented or at least controlled by several methods. The selec-
tion of the method of control is usually influenced by the cost. For example, it may
be more economical to make a certain component out of a less-expensive but less-
resistant material and periodically replace it than to make it from a more-resistant
material, which is also more expensive. The deleterious effects of the different types
of corrosion can be eliminated or at least reduced by adopting one or more of the
following preventive measures:

1. Using galvanic protection, as discussed in this section

2. Using corrosion inhibitors, as discussed in this section

3. Selecting the appropriate material, as discussed in Section 4.8
4. Using protective coatings, as discussed in Section 4.9

5. Observing certain design rules, as discussed in Section 6.7

3.7.1 GaALwvaNIC PROTECTION

Galvanic protection methods are used to protect metallic structures and can be divided
into cathodic protection and anodic protection. Cathodic protection is achieved by
supplying electrons to the component to be protected. For example, the corrosion of
a steel structure in an acidic environment involves the following reactions:

Fe — Fe* +2e” (3.12)
2H" +2¢” - H, (3.13)

Supplying electrons to the steel from another source will suppress the corrosion reac-
tion in Equation 3.12 and increase the hydrogen evolution in Equation 3.13.
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FIGURE 3.6 Cathodic protection. (a) Protection using sacrificial anode and (b) protection
using impressed voltage to oppose the electrochemical potential difference.

Electrons for cathodic protection can be supplied by

1. Connecting the steel structure to a more anodic metal, sacrificial anode,
such as Zn, Mg, or Al, as shown in Figure 3.6a. The sacrificial anode will
corrode instead of the steel and is replaced periodically. This method is
commonly used in protecting pipelines, ship hulls, and marine structures.

2. Using an external power supply to provide a voltage, which will oppose the
one caused by electrochemical reaction, as shown in Figure 3.6b. This volt-
age stops the flow of electrons needed for the corrosion reaction to proceed.

Anodic protection can only be used for metallic materials that passivate and is based on
the formation of a protective passive film on the surface to be protected by externally
impressed anodic current. A potentiostat is used to control the anodic current, which is
normally very small. The high installation cost is a disadvantage of this method. The
following example illustrates the use of sacrificial anode in corrosion protection.

Design Example 3.5: Calculating the Life of a Sacrificial Anode

A steel ship hull is protected by a magnesium sacrificial anode weighing 3 kg.
The current produced by the anode was found to be 2 A. Estimate the expected
life of the Mg anode.
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Solution

The weight of metal w lost in uniform corrosion can be estimated from Faraday’s
equation:

M

F (3.14)

w

where
w is the weight of metal corroded in g
1 is the corrosion current in A
tis the time in s
n is the number of electrons/atoms involved in the process
M is the atomic mass of the corroding metal in g/mol
F is the Faraday’s constant=96,500 As/mol

The corrosion reaction of Mg is
Mg — Mg** +2e™

From Equation 3.14,

wnF _ 3,000x2x96,500

The expected life of the anode = =
IM 2x24.31

=11.9%10° s = 4.6 months

3.7.2 INHIBITORS

Adding inhibitors to a system can decrease corrosion by inhibiting the corrosion reac-
tion at either the anode or the cathode. In many cases, the role of the inhibitor is to form
an impervious, insulating film of a compound either on the anode or the cathode. Most
inhibitors have been developed by empirical methods and are of proprietary nature.
Adsorption inhibitors are adsorbed on the surface and form a protective film. The
scavenger inhibitors react to remove corrosion agents such as oxygen from solution.

A common example of inhibitors is chromate salts in motorcar radiators. The iron
ions liberated at the anode surface combine with the chromate to form an insoluble
film. Many oils, greases, and waxes are adsorbed on metallic surfaces and provide
temporary protection.

3.8 WEAR FAILURES

Wear can be defined as the removal of surface material and reduction of dimensions
and loss of weight as a result of plastic deformation and detachment of material. This
phenomenon normally occurs in components whose function involves sliding or roll-
ing contact with other surfaces. Examples of such components include sliding and
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rolling bearings, gears and splines, piston rings, and breaks and clutches. Wear can
also take place as a result of contact with moving liquids or gases, especially when
they contain hard particles. Wear in any material can occur by a variety of mecha-
nisms, depending on the relative motion (rolling, sliding, or a combination), service
environment (dry or wet and whether abrasive particles are present), and type of
motion (impact, unidirectional, or oscillating). Therefore, life under wear conditions
is a function of both the wear resistance of the material and the wear system variables.

The following sections describe the different types of wear, which include adhesive
wear, abrasive and erosive wear, surface fatigue, corrosive wear, erosion corrosion,
and fretting. Erosion corrosion and fretting are discussed in Section 3.4. Table 3.4
shows the predominant type of wear as a function of the type of motion and service
environment.

3.8.1 ApDHESIVE WEAR

Adhesive wear, also known as scoring, galling, or seizing, occurs when two surfaces
slide against each other under pressure. The process involves plastic deformation

TABLE 3.4
Predominant Type of Wear as a Function of the Type of Motion and Service
Environment

Predominant Mechanism

Type of Motion Environment Surface Fatigue  Adhesive  Abrasive
Pure rolling All environments X
Rolling with slip Without abrasive particles X X

With abrasive particles X X X
Sliding in one direction ~ Dry X X

Fluid X X

With abrasive particles X X X
Sliding cyclic Dry X X

Fluid X X

With abrasive particles X X X
Impact with another Dry or wet without particles X X

moving body
Dry or wet with particles

>
>
>

Impingement with fluid ~ Without abrasive particles
With abrasive particles X X
Streamline without particles
Streamline with particles
Turbulent without particles
Turbulent with particles X

Source: Bayer, R.G., Design for wear resistance, in Materials Selection and Design, ASM Handbook,
Vol. 20, Dieter, G.E., Ed., ASM International, Materials Park, OH, 1997, pp. 603-614.
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FIGURE 3.7 Schematic representation of the processes involved in adhesive wear.

followed by adhesion and then fracture of surface asperities, as shown in Figure 3.7.
The fractured asperities frequently form tiny abrasive particles, which contribute to
further wear of the surfaces.

The volume of material (V) removed from a surface of hardness (H) under a
load (P) and a sliding distance (D) can be estimated from the relationship

V= kPD (3.15)
3H

where k is a dimensionless quantity referred to as the wear coefficient. Representative
values of k are

0.045, for low-carbon steel on low-carbon steel

0.0015, for copper on low-carbon steel

0.021, for stainless steel on stainless steel

0.00002, for phenol formaldehyde on phenol formaldehyde

Relationship 3.15 shows that the adhesive wear is reduced when the load is reduced
or the hardness increased. It is also generally better to avoid contact between similar
metals, since adhesion takes place more readily. Smoother surfaces will also wear
at a slower rate.

Design Example 3.6: Designing for Adhesive Wear

Problem

A rotating steel shaft is supported by a sleeve bearing. Compare the rate of wear
when the sleeve is (a) made of the same steel and (b) made of copper.

Analysis

Assuming that the hardness of steel is 54 R, and the hardness of copper is 36 R,
from Equation 3.15, the relative volume loss due to wear in (a) and (b) is given by

V,  0.045/54

V, 0.0015/36
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If the volume loss is taken as an indication of the expected life of the bearing,
the mentioned figures indicate that using a copper sleeve will allow the bearing
to last about 20 times longer than if a steel sleeve is used. Introducing a lubricant
with the copper sleeve will allow the bearing life to be even longer.

3.8.2  ABRrAsIVE, EROSIVE, AND CAVITATION WEAR

Abrasive wear results from contact with hard projections on a mating surface or
with loose hard particles that are trapped between two surfaces. Unlike adhesive
wear, no bonding occurs. This type of wear is common in earth-moving equipment,
scraper blades, and crushers. Materials with high hardness exhibit better resistance
to abrasive wear.

Erosion usually takes place as a result of contact with a moving fluid that contains
hard particles. Erosion can also be caused by liquid impingement caused by droplets
carried in a fast-moving gas.

Cavitation is a related type of wear, which occurs when a liquid containing dis-
solved gas enters a low-pressure region. Gas bubbles precipitate from the liquid and
then subsequently collapse when the pressure increases again. The collapse of the
gas bubbles sends high-pressure waves that exert high pressures against the sur-
rounding surface. Cavitation is frequently encountered in hydraulic pumps, propel-
lers, and dams.

3.8.3 SurrAce FATIGUE

Surface fatigue is a special type of surface damage where parts of the surface are
detached under externally applied cyclic stresses. Surface or subsurface crack for-
mation causes particles to separate from the surface causing pitting or spalling. This
is an important source of failure in rolling-contact systems such as ball bearings and
railway lines.

3.8.4 LUBRICATION

In practice, determining the cause of wear may be difficult because failure may have
resulted from the combined effect of different types of wear modes. In addition, as
wear progresses, there may be a change in the predominant wear mode.

An important method of combating wear is lubrication. Many kinds of surface
films can act as lubricants, preventing cold welding of asperities, and thus reducing
friction and wear. Lubricants may be solid, liquid, or gas. Liquid lubricants have
the advantage of combining cooling with lubricating action. In systems, which
depend on lubricants to combat wear, failure of the lubricant can lead to scuffing,
galling, or even seizure. Most lubricant failures occur due to chemical decomposi-
tion, contamination, or change in properties due to excessive heat. In many cases
in practice, more than one of the discussed causes can be involved in lubricant
failures.
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Case Study 3.7: Designing for Combined Effect of Mechanical
Loading, Environmental Attack, and Wear at High Temperatures

Problem

Gas turbine blades are subjected to the combined effect of mechanical loading
at high temperatures, environmental attack, and erosion and wear. As a result,
more than 40% of gas turbine engine failures can be attributed to blade prob-
lems. Blades need to be replaced after 25,000-30,000 h of operation at a cost of
about $3 million per raw of blades.

Analysis

Failure modes in gas turbine blades operating in the hot section can be classified
as follows:

a. Creep damage that can accelerate as a result of unplanned increase in
operating temperature.

b. Thermal fatigue as a result of thermal stresses such as differential expan-
sion of hot section components during start-up and shutdown operations.

c. Oxidation as a result of high-temperature exposure. Such oxide layers
tend to crack and spall when the blades are subjected to vibration during
engine operation and thermal cycling during start-up and shutdown.

d. Sulfidation and hot corrosion as a result of the sulfur contained in the
fuel.

e. Standby corrosion during the engine shutdown as a result of the corro-
sive action of residuals on the blades. This surface damage can reduce
fatigue life of the blades.

f. Erosion resulting from suspended particles in the hot gases.

g. Thermal overaging, especially in Ni-based superalloys, which derive
their strength from gamma prime precipitates formed within the grains
during manufacturing. This causes a decrease in strength and induces
brittle behavior.

The aforementioned failure mechanisms can combine and cause accelerated fail-
ure of the turbine blades. For example, surface attack as a result of oxidation,
sulfidation, corrosion, and erosion reduces the effective load-bearing area, which
increases the effective stress and accelerates creep. In addition, overaging causes
a reduction in creep resistance, which also accelerates creep.

Solution

Changes in the design of gas turbine blades can allow them to resist failure.
These include the introduction of cooling channels in the blades to prolong their
creep life and coating them to prevent environmental attack.

Blade cooling involves creating longitudinal channels inside the blades and
ducting cooler air through them. This allowed an increase of about 100°C in the
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operating with the same alloy composition. Film cooling is another technique in
which air is passed over the surface through small holes to give a cool bound-
ary layer between blade and gases. The drawback of blade cooling is that it can
reduce the thermal efficiency by taking too much of the heat away from the
combustion chamber.

Thermal barrier coatings (TBCs) are used extensively in aircraft turbines and
allow another 100°C increase in operating temperatures. Currently, the peak metal
temperatures of over 1,100°C are experienced in some turbines with service lives
around 10,000 h. TBCs that are based on yttria-stabilized zirconia (YSZ) can be
penetrated by surface deposits such as glassy dust and sulfate salts, thus resulting
in premature chipping or flaking. Using electron beam physical vapor deposition
(EB-PVD) in making TBC results in less porous and longer-lasting coatings.

3.9 RADIATION DAMAGE

In many applications, materials are subjected to radiation fields as part of their ser-
vice function. Examples of such applications include nuclear power generation, radi-
ation therapy, and communication satellites. Radiation can be either electromagnetic
waves or particles, as described in Table 3.5.

3.9.1 RaDpIATION DAMAGE BY ELECTROMAGNETIC RADIATION

In the case of electromagnetic radiation, the radiation energy E increases with
decreasing wavelength, A, according to the relation

= 3.16
E X (3.16)

where
h is Planck’s constant=0.6626x 1033 J/s
¢ is the speed of light=0.2998 x 10° m/s

TABLE 3.5
Types and Characteristics of Radiations

Category of Radiation Characteristics

Electromagnetic

uv Wavelength 1-400 nm

X-ray Wavelength 0.001-10 nm

I-ray Wavelength<0.1 nm

Farticles

o particles Helium nucleus (two protons + two neutrons)

P particles Positive or negative particles with a mass of an electron
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The amount of radiation damage depends on the energy of radiation, the radiation
density, time of exposure, and the bond strength of the material receiving the radiation.
Electromagnetic radiation may be absorbed by the material, thus becoming a
potential source of damage, or transmitted through it, thus causing no damage.
Polymers are especially susceptible to UV radiation damage. A single UV photon
has sufficient energy to break the C—C bond in many linear-chain polymers. Breaking
in C—C bond reduces the molecular weight and strength, encourages cross-linking,
and also provides sites for oxidation. Adding carbon black or TiO, to polymers or
applying an appropriate coating material reduces the damage caused by UV radiation.

3.9.2 RADIATION DAMAGE BY PARTICLES

In the case of metals, radiation damage caused by particles such as neutrons involves
knocking atoms out of their normal lattice sites and creating interstitials and vacan-
cies, which can collect to form dislocations. These point and line defects reduce
electric conductivity and ductility and increase hardness. Annealing reduces the
number of vacancies and dislocation lines and thus reduces or eliminates radiation
damage.

Ceramics are also affected by particle radiation. Thermal conductivity and opti-
cal properties may be impaired. In the case of ionic bonds, the damage is similar to
that in metals and can be eliminated by annealing. In the case of covalent bonds,
however, the damage causes irreversible breaking of the bonds and results in modi-
fication of the structure.

3.10 SUMMARY

1. Corrosion may be defined as the unintended destructive chemical or
electrochemical reaction of a material with its environment.

2. Corrosion of metallic materials may occur in a number of forms that differ
in appearance. These include general corrosion, galvanic corrosion, crevice
corrosion, pitting, intergranular corrosion, selective leaching, stress corrosion,
corrosion fatigue, erosion corrosion, cavitation damage, and fretting corrosion.

3. Corrosion of plastics and ceramics takes place by chemical reaction. Most
plastics resist a variety of chemicals but are usually attacked by organic
solvents. Glasses resist most chemicals but are attacked by HF acid.

4. Corrosion can be controlled by using galvanic protection, corrosion inhibitors,
material selection, and protective coatings or observing certain design rules.

5. Oxidation is the reaction between the material and oxygen. Oxidation usu-
ally starts rapidly and then slows down depending on the degree of protec-
tion provided by the oxide film. The P—B ratio, which is the ratio of volume
of oxide to the volume of metal consumed by oxidation, gives a good indi-
cation of the degree of protection. Metals with P—B ratios close to unity are
expected to have protective oxides.

6. Wear can be defined as the removal of surface material as a result of mechani-
cal action. Adhesive wear, also known as scoring, galling, or seizing, occurs
when two surfaces slide against each other under pressure. Abrasive and
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erosive wear results from contact with hard particles. Most types of wear
can be reduced by selecting a hard surface and using a lubricant.

7. Radiation damage can be the result of electromagnetic waves such as UV
radiation, x-rays, y-rays, or particles such as neutrons and o or § particles.
The amount of damage depends on the energy of radiation, radiation density,
time of exposure, and the bond strength of the material receiving radiation.

REVIEW QUESTIONS

3.1  What are the differences in the mechanism of corrosion protection by galva-
nizing and chrome plating when used for plain-carbon steels?

3.2  Discuss the mechanisms by which plastics are attacked by the environment
and explain why they do not corrode in the same way as metallic materials.

3.3  The following methods are used to protect steel sheets against corrosion: gal-
vanizing, tinning, and coating by polymeric paints. Explain the mechanism
by which steel is protected.

3.4  Compare the merits of using galvanizing and tinning in protecting steel for
(a) food cans and (b) outdoor fencing.

3.5 Discuss two of the methods that can be used in practice to eliminate or reduce
corrosion attack. Give examples of where each method is used.

3.6  The wall thickness of a steel tank is measured monthly, and the loss in thick-
ness is approximately the same each month, 50 mg/dm?/day. What is the use-
ful life of the tank, if the initial thickness is 10 mm and the minimum safe
thickness is 6 mm? (Answer: 17 years)

3.7 A steel tank of 1 m diameter is made of welded AISI 1030 steel sheets of 350
MPa yield strength. The loss in thickness due to corrosion is constant and
equals 50 mg/dm?/month. If the pressure in the tank is 3.5 MPa and expected
life is 10 years, what is the starting thickness of the steel sheet? Take a weld effi-
ciency of 0.7 and a factor of safety of 2. You may treat the tank as a thin-walled
container and calculate the stress in walls (o) according to the formula 6 =(pr)/t,
where p is the pressure, r the radius of the tank, and 7 the wall thickness. What
are the possible measures that can be taken to reduce the corrosion rate?

BIBLIOGRAPHY AND FURTHER READINGS

Bayer, R.G., Design for wear resistance, in Materials Selection and Design, ASM Handbook,
Vol. 20, Dieter, G.E., Ed. ASM International, Materials Park, OH, 1997, pp. 603-614.

Becker, W.T. and Shipley, RJ., Eds., Metals Handbook, Vol. 11, Failure Analysis and
Prevention, 8th edn., ASM, Materials Park, OH, 1988.

Billmeyer, EW., Textbook of Polymer Science, Wiley, Sussex, U.K., 1984.

Boyer, H.E. and Gall, T.L., Metals Handbook, Desk edn., ASM, Metals Park, OH, 1985.

Brooks, C.R. and Choudhury, A., Failure Analysis of Engineering Materials, McGraw-Hill,
New York, 2001.

Colangelo, V.J. and Heiser, F.A., Analysis of Metallurgical Failures, Wiley, New York, 1987.

Collins, J.A. and Daniewicz, S.R., Failure modes: Performance and service requirements for
metals, in Handbook of Materials Selection, Kutz, M., Ed. Wiley, New York, 2002,
pp- 705-773.



Corrosion, Wear, and Degradation of Materials 97

Collins, J.A. and Daniewicz, S.R., Failure modes: Performance and service requirements
for metals, in Mechanical Engineers’ Handbook: Materials and Mechanical Design,
3rd edn., Kutz, M., Ed. Wiley, Hoboken, NJ, 2006, pp. 860-924.

Cook, N.H., Mechanics and Materials for Design, McGraw-Hill, New York, 1985.

Courtney, T.H., Mechanical Behavior of Materials, 2nd edn., McGraw-Hill College, Blacklick,
OH, 1999.

Crawford, R.J., Plastics Engineering, Pergamon Press, London, U.K., 1987.

Das, A.K., Metallurgy of Failure Analysis, McGraw-Hill, New York, 1997.

Dieter, G., ASM Metals Handbook, Vol. 20, Materials Selection and Design, ASM International,
Materials Park, OH, 1997.

Dowling, N., Mechanical Behavior of Materials, 3rd edn., Prentice-Hall, London, U.K., 2006.

Farag, M.M., Materials Selection for Engineering Design, Prentice-Hall, London, U.K., 1997.

Flinn, R.A. and Trojan, P.K., Engineering Materials and their Applications, 4th edn., Houghton
Mifflin Co., Boston, MA, 1990.

Fontana, M.G., Corrosion Engineering, 3rd edn., McGraw-Hill, New York, 1986.

Hosford, W.F., Mechanical Behavior of Materials, Cambridge University Press, Cambridge,
U.K., 2005.

Jones, D.R.H., Failure Analysis Case Studies II, Pergamon Press, Oxford, U.K., 2001.

Khobaib, M. and Krutenant, R.C., High Temperature Coatings, The Metals Society, New York,
1986.

Kuhn, H. and Medlin, D., Eds., Advanced Materials and Processes, Guide to Engineering
Materials, Vol. 138, ASM International, Materials Park, OH, 1988.

Kutz, M., Handbook of Materials Selection, Wiley, New York, 2002.

Kutz, M., Mechanical Engineers’ Handbook: Materials and Mechanical Design, 3rd edn.,
Wiley, Hoboken, NJ, 2006.

Schaffer, J.P., Saxena, A., Antolovich, S.D., Sanders, Jr., T.H., and Warner, S.B., The Science
and Design of Engineering Materials, McGraw-Hill, Boston, MA, 1999.

Tawancy, H.M., Ul Hamid, A., and Abbas, N.M., Practical Engineering Failure Analysis,
Marcell Dekker, New York, 2004.

Thornton, P.A. and Colangelo, V.J., Fundamentals of Engineering Materials, Prentice-Hall,
Englewood Cliffs, NJ, 1985.

Weiss, V., Towards failure analysis expert systems, ASTM Stand. News, April, 30-34, 1986.

Waulpi, D.J., Understanding How Materials Fail, ASM, Metals Park, OH, 1985.






4 Selection of Materials
to Resist Failure

4.1 INTRODUCTION

In addition to design deficiencies, manufacturing defects, overloading, and inad-
equate maintenance, a poor selection of materials is known to be a major source
of failure of engineering components in service. Generally, most widely used engi-
neering materials have established ranges of applications and service conditions that
match their capabilities. Exceeding such capabilities could lead to a failure in ser-
vice. However, erring on the conservative side by underutilizing the material capa-
bilities will usually result in uneconomic products.

The discussion in this chapter identifies the material properties that are required
for a given type of loading or service environment. The different types of materials
that are most suited for a given application are then examined. The objectives of the
chapter are to

1. Provide an overview of how materials are grouped and identified in industry

2. Identify the material properties that are required to resist failure under
mechanical loading—including static, dynamic, fatigue, and creep

3. Review the different types of materials that are most suited for resisting
failure under mechanical loading

4. Identify the material properties that are required to resist failure in hostile
service environments including corrosion and wear

5. Review the different types of materials that are most suited for resisting
failure under corrosion and wear conditions

4.2 GROUPING AND IDENTIFYING ENGINEERING MATERIALS

4.2.1 CLASSIFICATION AND DESIGNATION OF ENGINEERING MATERIALS

Classification is the systematic arrangement or division of materials into groups on
the basis of some common characteristics. A common way of classifying engineer-
ing materials is on the basis of their major constituent materials or internal structure.
For example, ferrous materials are based on iron, aluminum alloys have a majority
of aluminum in their composition, glasses are noncrystalline, and composites are
mixtures of different materials. The introduction to Part I and Appendix A describes
the different classes of engineering materials.

Designation is the identification of each class by a number, letter, symbol, name,
or a combination thereof. Designations are developed by professional societies and
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organizations and are normally based on either the chemical composition or the
mechanical properties. Appendix A gives some examples. The unified number-
ing system (UNS) has been developed by the American Society for Testing and
Materials (ASTM), the Society of Automotive Engineers (SAE), and several other
technical societies, trade associations, and the U.S. government agencies. The UNS
number is a designation of chemical composition and consists of a letter and five
numerals. The letter indicates the broad class of alloys, and the numerals define
specific alloys within that class. A sample of the UNS numbering system is included
in Appendix A.

It should be noted that the designation systems are not specifications but are often
incorporated into specifications describing products that are made of the designated
materials. A standard specification is a published document that describes the char-
acteristics a product must have to be suitable for a certain application, as discussed
in Section 5.4.

4.2.2 CONSIDERATIONS IN MATERIAL SELECTION

In most engineering applications, selection of materials is usually based on one or
more of the following considerations:

1. Product shape: (a) sheet, strip, or plate; (b) bar, rod, or wire; (c) tubes;
(d) forgings; and (e) castings or moldings

2. Mechanical properties, as ordinarily revealed by the tensile, fatigue, hard-
ness, creep, or impact tests

3. Physical and chemical properties such as specific gravity, thermal and electric
conductivities, thermal expansion coefficient, and corrosion resistance

4. Microstructural considerations such as anisotropy of properties, hard-
enability of steels, grain size, and consistency of properties, that is, the
absence of segregations and inclusions

5. Processing considerations such as castability, formability, machinability,
weldability, and moldability

6. Esthetic qualities and environmental impact

7. Cost and availability

In the following discussion, the main types of materials are evaluated and compared
on the basis of their mechanical, physical, and chemical properties. Processing con-
siderations will be discussed in Chapter 7; economic, esthetic, and environmental
considerations will be discussed in Chapter 8.

4.3 SELECTION OF MATERIALS FOR STATIC STRENGTH

4.3.1 ASPECTS OF STATIC STRENGTH

Static strength can be defined as the ability to resist a short-term steady load at mod-
erate temperatures. This resistance is usually measured in terms of yield strength,
ultimate tensile strength, compressive strength, and hardness. When the material
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does not exhibit a well-defined yield point, the stress required to cause 0.1% or 0.2%
plastic strain, that is, the proof stress, is used instead. Most ductile wrought metallic
materials are equally strong in tension and compression; brittle materials, however,
are generally much stronger in compression than in tension.

Although many engineering materials are almost isotropic, there are important
cases where significant anisotropy exists. In the latter cases, the strength depends
on the direction in which it is measured. The degree of anisotropy depends on the
nature of the material and its manufacturing history. Anisotropy in wrought metal-
lic materials is more pronounced when they contain elongated inclusions and when
processing consists of repeated deformation in the same direction. Composites rein-
forced with unidirectional fibers also exhibit pronounced anisotropy, which can be
useful if the principal external stress acts along the direction of highest strength.

4.3.2 LEVEL OF STRENGTH

The level of strength in engineering materials may be viewed either in absolute terms
or relative to similar materials. For example, it is generally understood that high-
strength steels have tensile strength values in excess of 1400 MPa (ca. 200 ksi),
which is also high strength in absolute terms. Relative to light alloys, however, an
aluminum alloy with a strength of 500 MPa (ca. 72 ksi) would also be designated as
high-strength alloy even though this level of strength is low for steels.

From the design point of view, it is more convenient to consider the strength of
materials in absolute terms. From the manufacturing point of view, however, it is
important to consider the strength as an indication of the degree of development of
the material concerned, that is, relative to similar materials. This is because highly
developed materials are often complex, more difficult to process, and relatively more
expensive compared to other materials in their class. Figure 4.1 gives the strength
of some materials, both in absolute terms and relative to similar materials. In a
given class of materials, the medium-strength members are usually more widely
used because they generally combine optimum strength, ease of manufacture, and
economy. The most developed members in a given class of materials are usually
highly specialized, and, as a result, they are produced in much lower quantities. The
low-strength members of a given class are usually used to meet requirements other
than strength. Requirements such as electric and thermal conductivities, formabil-
ity, corrosion resistance, or cost may be more important than high strength in some
applications.

Frequently, higher-strength members of a given class of materials are also more
expensive. Using a stronger but more expensive material could result in a reduction
of the total cost of the finished component. This is because the amount of material
used would be less as a result of smaller cross section, as discussed in Section 8.5.

4.3.3 LoaD-CARRYING CAPACITY

The load-carrying capacity of a given component is a function of both the strength of
the material used in making it and its dimensions. This means that a lower-strength
material can be used in making a component to bear a certain load, provided that
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FIGURE 4.1 Comparison of some engineering materials on the basis of tensile strength.

its cross-sectional area is increased proportionally. However, the designer is not usu-
ally completely free in choosing the strength level of the material selected for a
given part. Other factors like space and weight limitations could limit the choice.
Space limitations can usually be solved by using stronger material, which will allow
smaller cross-sectional area and smaller total volume of the component.

Weight limitations are encountered with many applications including aerospace,
transport, construction, and portable appliances. The weight of a component is a
function of both its volume and density. For example, the weight w of a tie-rod of
cross-sectional area A and length [ is given by

e Alp = (g)lp @1

where
p is the density of the material
L is the applied tensile load
S is the working strength of the material, which is equal to the yield strength of
the material divided by a factor of safety, typically in the range 1.5-3
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FIGURE 4.2 Comparison of some engineering materials on the basis of specific tensile
strength.

Equation 4.1 shows that the weight of the tie-rod can be minimized by maximizing
the ratio S/p, which is the specific strength of the material. In selecting a material
for a tie-rod from a list of candidates, S/p can be used as the main performance
index for comparison. The optimum material in this case is the one that has the
highest S/p. Figure 4.2 compares the materials of Figure 4.1 on the basis of specific
strength. The figure shows that the light alloys—Ti, Al, and Mg—have similar spe-
cific strengths to steel, whereas fiber-reinforced composites have a clear advantage
over other materials.

Following a procedure similar to Equation 4.1, performance indices of
components subjected to different types of loading can be calculated, and the
results are shown in Table 4.1. The table shows that although strength and den-
sity have equal influence on the performance index in cylinders under tension,
compression, or internal pressure, density has more influence in the case of flat
plates, rectangular sections, and cylinders under torsion or bending since S has a
power less than unity.
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TABLE 4.1

Performance Indices in Selection for
Static Strength

Cross Section and Loading Condition ~ Performance Index
Solid cylinder in tension or compression Slp
Solid cylinder in torsion S*3/p
Solid cylinder in bending S*3/p
Solid rectangle in bending S"/p
Flat plate in bending S2/p
Flat plate under in-plane compression S"2/p
Thin-walled cylindrical pressure vessel Slp

In cases where a component carries a compressive load, reducing the cross-
sectional area by choosing a strong material could cause failure by buckling due to
increased slenderness of the part. Example 4.1 illustrates this point.

Design Example 4.1: Material Selection for a Compression Element

Problem

A load of 50 kN is to be supported on a cylindrical compression element of
200 mm length. As the compression element has to fit with other parts of the
structure, its diameter should not exceed 20 mm. Weight limitations are such
that the mass of the element should not exceed 0.25 kg. Which of the materials
given in Table 4.2 is most suited for making the compression element?

Solution

Table 4.2 shows the calculated diameter of the compression element when made
of different materials. The diameter is calculated on the basis of strength and
buckling. The larger value for a given material is used to calculate the mass of
the element. The results in Table 4.2 show that only epoxy—62% Kevlar satisfies
both the diameter and weight limits.

4.4 SELECTION OF MATERIALS FOR STIFFNESS

4.4.1 Errect OF MATERIAL STIFFNESS ON DEFLECTION UNDER LOAD

Stiffness of a component can be defined as its resistance to deflection under load. In
many cases, such resistance is a function of both material stiffness and geometry of
the component. For example, when a load is placed on a beam, the beam is bent and
every portion of it is moved in a direction parallel to the direction of the load. The
distance that a point on the beam moves, deflection, depends on its position in the
beam, the type of beam, and the type of supports. A beam that is simply supported at
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TABLE 4.2
Comparison of Compression Element Materials

Diameter Diameter Mass Based

Elastic Based on Based on  on Larger
Strength  Modulus Specific Strength  Buckling® Diameter
Material (MPa) (GPa) Gravity (mm) (mm) (kg) Remarks
Steels
ASTM A675 155 211 7.8 20.3 15.75 — Reject (1)
grade 45
ASTM A675 275 211 7.8 15.2 15.75 0.3 Reject (2)
grade 80
ASTM 717 550 211 7.8 10.8 15.75 0.3 Reject (2)
grade 80
Aluminum
AA 2014-T6 420 70.8 2.7 12.3 20.7 — Reject (1)
Plastics and Composites
Nylon 6/6 84 3.3 1.14 27.5 44.6 — Reject (1)
Epoxy-70% 2100 62.3 2.11 5.5 21.4 — Reject (1)
glass
Epoxy—-62% 1311 82.8 1.38 7.0 19.9 0.086 Accepted
Kevlar

Note: Reject (1)=material is rejected because it violates the limits on diameter; Reject (2) =material is
rejected because it violates the limits on weight.
@ Assuming that the ends of the compression element are not constrained, the Euler formula can be used to
calculate the minimum diameter that will allow safe use of the compression member without buckling.

both ends suffers maximum deflection (y) in its middle when subjected to a concen-
trated central load (L). In this case, the maximum deflection, y, is given by

P

- @2
Ty

where
1 is the length of the beam
E is Young’s modulus of the beam material
1 is the second moment of the area of the beam cross section, with respect to the
neutral axis

Equation 4.2 shows that the stiffness of a beam may be increased by increasing its
second moment of area, which is computed from the cross-sectional dimensions, and
by selecting a high-modulus material for its manufacture.

An important characteristic of metallic materials is that their elastic moduli are
very difficult to change by changing the composition or heat treatment. However, the
elastic moduli of composite materials can be changed over a wide range by changing
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TABLE 4.3
Comparison of Stiffness of Selected Engineering Materials
Modulus of Density p

Material Elasticity E (GPa) (mg/m?3) (E/p)x10-5  (EV2/p)x10-2  (E'3/p)

Steel (carbon 207 7.825 26.5 5.8 35.1
and low alloy)

Aluminum 71 2.7 26.3 9.9 71.2
alloys (average)

Magnesium 40 1.8 222 11.1 88.2
alloys (average)

Titanium alloys 120 4.5 26.7 7.7 50.9
(average)

Epoxy-73% E 55.9 2.17 25.8 10.9 81.8
glass fibers

Epoxy-70% S 62.3 2.11 29.5 11.8 87.2
glass fibers

Epoxy—63% 158.7 1.61 98.6 24.7 156.1
carbon fibers

Epoxy-62% 82.8 1.38 60 20.6 146.6

aramid fibers

the volume fraction and orientation of the constituents. Table 4.3 gives representative
values of the modulus of elasticity of some engineering materials. When a metallic
component is loaded in tension, compression, or bending, Young’s modulus, E, is
used in computing its stiffness. When the loading is in shear or torsion, the modulus
of rigidity, G, is used in computing stiffness. The relationship between these two
elastic constants is given by

E

== 4.3
© 2(1+v) “.3

where v is Poisson’s ratio.

The importance of stiffness arises in complex assemblies where differences in
stiffness could lead to incompatibilities and misalignment between various compo-
nents, thus hindering their efficiency or even causing failure. Using high-strength
materials in attempts to reduce weight usually comes at the expense of reduced
cross-sectional area and reduced second moment of area. This could adversely affect
stiffness of the component if the elastic constant of the new strong material does not
compensate for the reduced second moment of area. Another solution to the problem
of reduced stiffness is to change the shape of the component cross section to achieve
higher second moment of area, /. This can be achieved by placing as much as pos-
sible of the material as far as possible from the axis of bending. Table 4.4 gives the
formulas for calculating I for some commonly used shapes and the values of I for
constant cross-sectional area.
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TABLE 4.4

Effect of Shape on the Value of Second Moment of Area (/) of a

Beam in Bending

Formula
Section Shape for 1
|<«—B —] BH’®
T 12
H
|<—B —>| |<—B —> BH® - bh’
T 12
T
H h <> | ] b b
l i3 Ragbingbl
nD*
64
4 4
@ n(D*-d*)
> e

Note: Cross-sectional area is the same in all cases and equals 100 units of area.

Value of I for Different
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4.4.2 SPECIFIC STIFFNESS

107

In applications where both the stiffness and weight of a structure are important, it
becomes necessary to consider the stiffness/weight, specific stiffness, of the struc-
ture. In the simple case of a structural member under tensile or compressive load, the
specific stiffness is given by E/p, where p is density of the material. In such cases,
the weight of a beam of a given stiffness can be easily shown to be proportional
to p/E. The performance index in this case is E/p. This shows that the weight of
the component can be reduced equally by selecting a material with lower density
or higher elastic modulus. When the component is subjected to bending, however,
the dependence of the weight on p and FE is not as simple. From Equation 4.2 and
Table 4.4, it can be shown that the deflection of a simply supported beam of square

cross-sectional area is given by
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L
Y= 4Eb b

where b is the breadth or width of the beam.
The weight of the beam, w, can be shown to be

15/2 L 1/2 p
W=lb2p=2(yJ E1/2 (45)

This shows that for a given deflection y under load L, the weight of the beam is pro-
portional to p/E"2. The performance index in this case is E'?/p. As E in this case is
present as the square root, it is not as effective as p in controlling the weight of the
beam. It can be similarly shown that the weight of the beam in the case of a rectangu-
lar cross section is proportional to p/E'? and the performance index is E'3/p, which
is even less sensitive to variations in E, as shown in Table 4.3.

4.4.3 ErrecT OF MATERIAL STIFENESS ON BUCKLING STRENGTH

Another selection criterion, which is also related to the elastic modulus of the mate-
rial and cross-sectional dimensions, is the elastic instability, or buckling, of slender
components, struts, subjected to compressive loading. The compressive load, L,, that
can cause buckling of a strut is given by Euler formula as

_ TEI

=" 4.6)

where [ is the length of the strut.

Equation 4.6 shows that increasing E and / will increase the load-carrying capac-
ity of the strut. As buckling can take place in any lateral direction, an axially sym-
metric cross section can be considered. For a solid round bar of diameter, D, the
second moment of area, /, is given as

nD*
I= 4.7
64 @7
The use of the resistance to buckling as a selection criterion is illustrated in
Example 4.1.
The weight of a strut, w, is given by

TCDZ 2l2L]/2 p
w=1l 4 p:( n1/2b J(EI/Z 4.8)

Equation 4.8 shows that the weight of an axisymmetric strut can be reduced by
reducing p or by increasing E of the material, or both, with the performance index
in this case being E'?/p. However, reducing p is more effective, as E is present as the
square root. In the case of a flat panel subjected to buckling, it can be shown that the
weight is proportional to p/E'? and the performance index is E'3/p.
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TABLE 4.5

Performance Indices in Selection for Stiffness

Cross Section and Loading Condition Performance Index
Solid cylinder in tension or compression away from the buckling limit Elp
Column in compression, with failure by buckling EY/p
Solid cylinder in torsion G'"/p
Simply supported beam of square cross section in bending E"lp
Simply supported beam of rectangular cross section in bending E/p
Flat plate in bending EY/p
Flat plate under in-plane compression E"/p
Thin-walled cylindrical pressure vessel Elp

Following a procedure similar to the one just mentioned, the performance indices
of components subjected to different types of loading can be calculated, and the
results are shown in Table 4.5. The use of performance indices in making material
substitution decisions is illustrated in Example 4.2.

Design Example 4.2: Material Substitution for an Interior Door Panel

Problem

A motorcar manufacturer is considering material substitution of the interior door
panels of one of their models as part of a weight reduction effort. The panel
is 100 cm long and 50 cm wide and is currently made of polyvinyl chloride
(PVC) of 3.7 mm thickness. The candidate materials under consideration include
PP+40% glass fibers and PP+40% flax fibers. If PVC is substituted, the new
panels should have at least the same stiffness and buckling resistance.

Solution
The performance index for equal stiffness and buckling resistance of the panel
is E'3/p.
The thickness of the new (7,) and the original (7,) panels for equal perfor-
mance indices is related as
1/3
E,
tn=t0 7 s
(En )

where E, and E, are the moduli of elasticity of the original and new materials,
respectively. Table 4.6 compares the thickness and corresponding weight of the
different material considerations.

Conclusion

Panels made of PP+40% flax fibers are lighter than the current PVC panels and
can be used as a substitute.
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TABLE 4.6
Comparison of Thickness and Weights of Interior
Door Panels for Motorcar

Material E(GPa) p(g/cc) t(mm) Weight (kg)
PVC 2 1.3 3.7 1.85
PP+40% glass fibers 7.75 1.67 2.37 3.33
PP+40% flax fibers 4.65 1.19 2.8 1.67

Note

It is interesting to note that several car manufacturers are now using polymer-based
composite materials for this application and similar components in modern cars.

4.5 SELECTION OF MATERIALS FOR HIGHER TOUGHNESS

It is now recognized that small cracks or discontinuities can exist in materials during
their manufacture, processing, or service life and can lead to catastrophic failure if
they exceed a critical size, as discussed in Section 2.3. It was also shown that the maxi-
mum allowable flaw size is proportional to (K;/YS)?, where YS is the yield strength of
the material and K fracture toughness, which is the property of a material that allows
it to withstand fracture in the presence of cracks. The ratio K;-/YS can be taken as per-
formance index when comparing the relative toughness of materials. Higher values of
K /YS are more desirable as they indicate tolerance to larger flaws without fracture.

4.5.1 METALLIC MATERIALS

There is a close relationship between toughness and other mechanical properties.
Within a given class of materials, there is an inverse relationship between strength
and toughness, as shown in Figure 4.3 and Table 4.7.

Generally, the toughness of a material is influenced by its chemical composition
and microstructure. For example, steels become less tough with increasing carbon
content, larger grain size, and more brittle inclusions. The grain size of steels is
affected by the elements present, especially those used for deoxidizing. Small addi-
tions of aluminum to steel are known to promote fine grain size, which improves the
toughness. Fully killed fine-grained steels also have lower ductile—brittle transition
temperatures and are normally selected for applications where brittle fracture may
occur. Fine grains can also be obtained in steels by using alloying elements, by con-
trolling the rolling practice, or by normalizing treatment. A thoroughly deoxidized
steel grade has fewer nonmetallic inclusions and gives better toughness. When brittle
inclusions are elongated, their influence on ductility is more pronounced in the trans-
verse and through-thickness directions.

The method of fabrication can also have a pronounced effect on toughness, and
experience has shown that a large proportion of brittle fractures originate from welds
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FIGURE 4.3 Variation of fracture toughness with yield strength for some alloy systems.

or their vicinity. This can be caused by the residual stresses generated by the welding
process, by reduction of toughness of the heat-affected zone (HAZ), or by defects in
the weld area.

The rate of load application also influences the toughness. Materials that are
tough under slowly applied load may behave in a brittle manner when subjected to
shock or impact loading.

Decreasing the operating temperature generally causes a decrease in toughness
of most engineering materials. This is particularly important in the case of body-
centered cubic (bcc) materials, as they tend to go through a ductile—brittle transition
as the temperature decreases. All carbon and most alloy steels are of the bce group,
and their behavior is illustrated in Figure 4.4. Figure 4.5 shows the catastrophic
failure of a welded steel ship as a result of brittle fracture under reduced service
temperature. As most bcc materials become too brittle to use under cryogenic tem-
peratures, austenitic steels and nonferrous materials of face-centered cubic (fcc)
structures become the only possible materials, as they do not suffer ductile—brittle
transition. Several aluminum-, titanium-, copper-, and nickel-based alloys are avail-
able for cryogenic applications.

An important aspect of selecting materials for toughness is the likelihood of
detection of a crack before it reaches a critical size. As larger cracks can be more
easily discovered, it follows that materials tolerating larger critical cracks are
more advantageous. The materials listed in Table 4.7 are compared on the basis of



112 Materials and Process Selection for Engineering Design

TABLE 4.7
Comparison of Toughness and Strength of Some
Engineering Materials

Yield Strength Kic Kic/YS
MPa ksi

MPa ksi m'2 in.1”2 m'2 in.1”2
Steels
Medium-carbon steel 260 37.7 54 49 0.208  1.30
ASTM A533B Q&T 500 72.5 200 182 0.400 2.51
AISI 4340 (T260°C) 1640 238 50 458 0.030 0.19
AISI 4340 (T425°C) 1420 206 87.4 80 0.062  0.388
Maraging 300 1730 250 90 82 0.052  0.328
Aluminum Alloys
AA 2024-T651 455 66 24 22 0.053  0.333
AA 2024-T3 345 50 44 40 0.128  0.80
AA 7075-T651 495 72 24 22 0.048  0.306
AA 7475-T651 462 67 47 43 0.102  0.642
Titanium Alloys
Ti-6A1-4V 830 120 55 50 0.066 0.417
Ti-6A1-4V-2Sn 1085 155 44 40 0.04 0.258
Ti-6A1-4Mo-2Sn-0.05Si 960 139 45 40 0.047  0.288
Plastics
PMMA 30 4 1 0.9 0.033 0.225
Polycarbonate 63 8.4 33 3 0.052  0.357
Ceramics
Reaction-bonded Si;N, 450 63.3 5 46 0.011 0.07
AlLO, 262 36.9 4.5 41 0.017 0.11
SiC (self-bonded) 140 19.7 3.7 34 0.026 0.173

the performance index K;-/YS. The values in the table show that a material may
exhibit a good crack tolerance even though its fracture toughness is modest. In gen-
eral, therefore, the material selected for a given application must have such combina-
tion of K- and YS that the critical crack length is appropriate for that application and
the available nondestructive testing (NDT) techniques, as illustrated in Example 4.3.

Design Example 4.3: Selecting a Material for a Light Tie-Rod

Problem

Aluminum AA7075-T651 and titanium Ti—-6Al-4V are being considered for
making a 1 m long tie-rod that will carry a tensile load of 50 kN. If the available
NDT equipment can only detect flaws larger than 3 mm in length, which of these
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FIGURE 4.4 Effect of temperature on the notch toughness of some AISI-SAE steels.

FIGURE 4.5 Catastrophic brittle fracture of a steel liberty ship at relatively low tempera-
tures. (From Flinn, R.A. and Trojan, PK., Engineering Materials and Their Applications,
4th edn., Houghton Mifflin, Boston, MA, 1990.)
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two materials can be used to make a lighter member? Ignore the factor of safety
in this example and assume the following:

AAT075: yield strength 6,=495 MPa, K; =24 MPa m'? specific
gravity =2.7

Ti-6A1-4V: yield strength 6,=830 MPa, K;-=60 MPa m'?, specific
gravity=4.5

Answer

From Equation 2.3,
K¢
==
f [Y(na)l/z]

where

a is half the crack length

o, is the fracture stress

Yis 1

o, for AA7075=338 MPa; this is lower than G, For this case, o, should be
used for calculating the cross section

o; for Ti-6Al-4V =845 MPa; this is higher than o,. For this case, 6, is used
for calculating the cross section

Cross section of the member when made from AA7075=148 mm?,
weight=400 g

Cross section of the member when made from Ti—6A1-4V=60 mm?,
weight=270 g

Conclusion

Ti—6Al1-4V can be used to make a lighter member.

4.5.2 Prastics AND COMPOSITES

Although unreinforced plastics generally have lower impact strength than most
metallic materials, as shown in Table 4.7, numerous techniques have been developed
to improve their toughness. Examples of such techniques include the following:

1. Alloying the plastic with a rubber phase or with another higher-impact
plastic. Examples of this method include toughened nylons, which are
alloyed with polyolefin or other polymeric modifier. An alloy of nylon and
ABS combines the characteristics of both crystalline and amorphous poly-
mers, which resultin a combination of high-flow rate, high-temperature warp
resistance, good-surface appearance, chemical resistance, and toughness.

2. Copolymerization to create a tougher chemical structure. This approach is
used to produce less notch-sensitive polycarbonates that retain their ductil-
ity at lower temperatures.
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3. Incorporating high-impact-resistance fibers. For example, PETE, nylon,
and polyethylene fibers have been used to replace a portion of the glass
fibers in injection-molded polyesters for automotive components.

In general, thermoplastic—matrix composites are tougher than those with thermoset
matrix, which is one of the reasons why the former are being developed to replace
current epoxies.

4.5.3 CErAMICS

The fracture of ceramics is dependent on critical flaw size, which is a function
of fracture toughness (Kc). With careful processing, the average flaw size can be
reduced to about 30 pm, but this may still be larger than the critical flaw size. In
addition, a single flaw in the material that is larger than the critical flaw size is suf-
ficient to cause fracture. This is why toughness data for ceramic materials are often
inconsistent, and strength and toughness do not always respond in the same manner
to changes in microstructure or interfacial properties. Table 4.7 lists typical tough-
ness values of some ceramic materials.

An important technique to improve the toughness of ceramics like ZrO,, A1,0;,
and Si;N, is to induce a phase transformation in the region of applied stress within the
material. This absorbs energy at the tip of the advancing crack, arresting its propagation
and significantly increasing both strength and toughness. Another technique is to
introduce fibers to increase the toughness as a result of fiber debonding, crack deflec-
tion, or fiber pullout. Internal stresses due to the differences in thermal expansion
between matrix and fibers in a composite can also provide a toughening effect.

Because ceramics are sensitive to surface damage, surface modification tech-
niques are also being developed as a means of improving their toughness.

4.6 SELECTION OF MATERIALS FOR FATIGUE RESISTANCE

In many engineering applications, the behavior of a component in service is influ-
enced by several other factors besides the properties of the material used in its manu-
facture. This is particularly true for the cases where the component or structure is
subjected to fatigue loading. Under such conditions, the fatigue resistance can be
greatly influenced by the service environment, surface condition of the part, method
of fabrication, and design details. In some cases, the role of the material in achiev-
ing satisfactory fatigue life is secondary to the mentioned parameters, as long as
the material is sound and free from major flaws. For example, if the component
has welded, bolted, or riveted joints, the contribution of crack initiation stage (see
Section 2.5) is expected to be small, and most of the fatigue life is determined by the
crack propagation stage. Experience shows that crack propagation rate is more sensi-
tive to continuum mechanics considerations than to material properties.

Fatigue strength of metallic materials generally increases with increasing ten-
sile strength, as shown in Table 4.8. However, the higher the strength, the higher
the notch sensitivity of the material and the greater the need to eliminate coarse
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TABLE 4.8
Comparison of Static and Fatigue Strengths of Some
Engineering Materials

Tensile Endurance

Strength Limit Endurance
Material MPa ksi MPa ksi Ratio
Ferrous Alloys
AISI 1010, normalized 364 52.8 186 27 0.46
1025, normalized 441 64 182 26.4 0.41
1035, normalized 539 78.2 238 34.5 0.44
1045, normalized 630 914 273 39.6 0.43
1060, normalized 735  106.6 315 45.7 0.43
1060, oil Q, tempered 1295 187.8 574 83.3 0.44
3325, oil Q, tempered 854 1239 469 68 0.55
4340, oil Q, tempered 952  138.1 532 77.2 0.56
8640, oil Q, tempered 875 1269 476 69 0.54
9314, oil Q, tempered 812 177.8 476 69 0.59
302, annealed 560 81.2 238 34.5 0.43
316, annealed 560 81.2 245 355 0.44
431, quenched, tempered 798 115.7 336 48.7 0.42
ASTM 20 GCI 140 20.3 70 10.2 0.50
30 GCI 210 30.5 102 14.8 0.49
60 GCI 420 61 168 244 0.40
Nonferrous Alloys
AA2011-T8 413 59.9 245 35.5 0.59
2024, annealed 189 27.4 91 13.2 0.48
6061-T6 315 45.7 98 14.2 0.31
6063-T6 245 35.5 70 10.2 0.29
7075-T6 581 84.3 161 234 0.28
214 as-cast 175 25.4 49 7.1 0.28
380 die-cast 336 48.7 140 20.3 0.42
Phosphor bronze, annealed 315 45.7 189 27.4 0.60
Phosphor bronze, hard drawn 602 87.3 217 31.5 0.36
Aluminum bronze, quarter hard 581 84.3 206 29.9 0.35
Incoloy 901, at 650°C (1202°F) 980  142.1 364 52.8 0.37
Udimet 700, at 800°C (1472°F) 910 132 343 49.7 0.38
Reinforced Plastics
Polyester—30% glass 123 17.8 84 12.2 0.68
Nylon 66-40% glass 200 29 62.7 9.1 0.31
Polycarbonate—20% glass 107 15.5 34.5 5 0.32

Polycarbonate—40% glass 131 19 41.4 6 0.32
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second-phase particles and to produce a more refined, homogeneous structure.
Meeting these needs could require expensive metallurgical processes or the addition
of expensive alloying elements. A measure of the degree of notch sensitivity of the
material is usually given by the parameter ¢:
q= K¢ -1 4.9)
K. -1
where
K, is the stress concentration factor, which represents the severity of the notch and
is given by the ratio of maximum local stress at the notch to average stress. K,
is mainly related to the geometry of the component, as discussed in Section
5.5, and is material independent
K, is the ratio of the fatigue strength in the absence of stress concentrations to the
fatigue strength with stress concentration. Unlike K|, K; is material dependent

The value of ¢ is a measure of the degree of agreement between K; and K, and can
be taken as a fatigue notch sensitivity index. Thus, as ¢ increases from O to 1, the
material becomes more sensitive to the presence of stress concentrations. Generally,
increasing the tensile strength of the material makes it more notch sensitive and
increases ¢. The value of ¢ is also dependent on component size, and it increases as
size increases. Therefore, stress raisers are more dangerous in larger components
made from stronger materials.

4.6.1 SteeLs AND CAsT IRONS

Steels are the most widely used structural materials for fatigue applications as
they offer high fatigue strength and good processability at a relatively low cost.
Steels have the unique characteristic of exhibiting an endurance limit, which
enables them to perform indefinitely, without failure, if the applied stresses do not
exceed this limit. Table 4.8 shows that the endurance ratio of most steels ranges
between 0.4 and 0.6.

The optimum steel structure for fatigue resistance is tempered martensite, since
it provides maximum homogeneity. Steels with high hardenability provide high
strength with relatively mild quenching and, hence, low residual stresses, which
is desirable in fatigue applications. Normalized structures, with their finer struc-
ture, give better fatigue resistance than the coarser pearlitic structures obtained
by annealing.

Inclusions in steel are harmful as they represent discontinuities in the structure
that could act as initiation sites for fatigue cracking. Therefore, free-machining steels
should not be used for fatigue applications. However, if machinability considerations
make it essential to select a free-machining grade, leaded steels are preferable to
those containing sulfur or phosphorus. This is because the rounded lead particles
give rise to less structural stress concentrations than the other angular and elongated
inclusions. By the same token, cast steels and cast irons are not recommended for
critical fatigue applications. In rolled steels, the fatigue strength is subject to the
same directionality as the static properties.
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4.6.2 NONFERROUS ALLOYS

Unlike ferrous alloys, the nonferrous alloys, with the exception of titanium, do not
normally have an endurance limit. Aluminum alloys usually combine corrosion
resistance, lightweight, and reasonable fatigue resistance. The endurance ratio of
aluminum alloys is more variable than that of steels (Table 4.8), but an average value
can be taken as 0.35.

Generally, the endurance ratio is lower for as-cast structures and precipitation-
hardened alloys. Fine-grained inclusion-free alloys are most suited for fatigue
applications.

4.6.3 PrasTics

The viscoelasticity of plastics makes their fatigue behavior more complex than that of
metals. In addition to the set of parameters that affect the fatigue behavior of metals,
the fatigue behavior of plastics is also affected by the type of loading, small changes
in temperature and environment, and method of sample fabrication. Because of their
low thermal conductivity, hysteretic heating can build up in plastics causing them
to fail in thermal fatigue or to function at reduced stress and stiffness levels. The
amount of heat generated increases with increasing stress and test frequency. This
means that failure of plastics in fatigue may not necessarily mean fracture. In flexural
fatigue testing by constant amplitude of force, ASTM D671 sets an arbitrary level of
stiffness—70% of the original modulus—as failure.

Some unreinforced plastics such as polytetrafluoroethylene (PTFE), polymeth-
ylmethacrylate (PMMA), and polyesterether ether ketone (PEEK) have fatigue
endurance limits. At stresses below this level, failure does not occur. Other plastics,
usually amorphous materials, show no endurance limit. In many unreinforced plas-
tics, the endurance ratio can be taken as 0.2.

4.6.4 CoMPOSITE MATERIALS

The failure modes of reinforced materials in fatigue are complex and can be affected
by the fabrication process when differences in shrinkage between fibers and matrix
induce internal stresses. There is a growing body of practical experience, however,
and some FRP are known to perform better in fatigue than some metals, as shown
in Table 4.8. The advantage of FRP is even more apparent when compared on per
weight basis. For example, because of its superior fatigue properties, glass-fiber-
reinforced epoxy has replaced steel leaf springs in several motorcar models.

Generally, fiber-reinforced crystalline thermoplastics exhibit well-defined endur-
ance limits, whereas amorphous-based composites do not. The higher strengths,
higher thermal conductivity, and lower damping account for the superior fatigue
behavior of crystalline polymers.

As with static strength, fiber orientation affects the fatigue strength of fiber-
reinforced composites. In unidirectional composites, the fatigue strength is sig-
nificantly lower in directions other than the fiber orientation. Reinforcing with
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continuous unidirectional fibers is more effective than reinforcing with short random
fibers. Example 4.4 illustrates the use of fatigue strength in design.

Design Example 4.4: Selecting a Material for a Connecting Rod

Problem

Aluminum alloy AA 6061-T6, steel AISI 4340 oil Q and tempered, and
polyester—30% glass fibers are being considered as a replacement for steel AISI
1025 normalized, in manufacturing a connecting rod to save weight. The con-
necting rod has a circular cross section and a length of 300 mm and is subjected
to an alternating tensile load of 60 kN. Given the following information and
assuming a derating factor of 0.4 on the fatigue strength for all alternatives,
select the most suitable material:

AISI 1025: Tensile strength=440 MPa, endurance ratio=0.41, specific

gravity=7.8

AA 6061-T6: Tensile strength=314 MPa, endurance ratio=0.31, specific
gravity=2.7

AISI 4340: Tensile strength=952 MPa, endurance ratio=0.56, specific
gravity=7.8

Polyester—30% glass: Tensile strength=123 MPa, endurance ratio=0.68,
specific gravity =1.45

Answer

AISI 1025: Cross section=_832 mm?, weight=1.947 kg

AA 6061-T6: Cross section= 1541 mm?, weight=1.248 kg

AISI 4340: Cross section=281 mm?, weight=0.658 kg
Polyester-30% glass: Cross section=1793 mm?, weight=0.780 kg

Using steel AISI 4340 gives the lightest connecting rod, with polyester—30%
glass as a close second.

4.7 SELECTION OF MATERIALS FOR HIGH-
TEMPERATURE RESISTANCE

4.7.1 CRreeP RESISTANCE OF METALS

It is shown in Section 2.6 that creep is a major factor that limits the service life of
parts and structures at elevated temperatures. Experience shows that many of the
methods used to improve low-temperature strength of metallic materials become
ineffective as the operating temperature approaches 0.5 T, (T,, is the absolute melt-
ing temperature expressed in degrees Kelvin or Rankine). This is because atomic
mobility is sufficient to cause softening of cold-worked structures and coarsening of
unstable precipitates. At these high temperatures, the differences in creep resistance
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from one material to another depend on the stability of the structure and on the
hardening mechanism.

The most important method of improving creep strength is to incorporate a
fine dispersion of stable second-phase particles within the grains. These particles
can be introduced by dispersion, as in the case of thoria particles in nickel (TD
nickel), or by precipitation, as in the case of precipitation-hardened nickel alloys.
To minimize particle coarsening, it is the practice to make the chemical composi-
tion of the precipitates as complex as possible and to reduce the thermodynamic
driving force for coarsening by reducing the interfacial energy between the pre-
cipitates and the matrix. Precipitates at the grain boundaries are important in
controlling creep rupture ductility as they control grain boundary sliding, which
causes premature failure.

4.7.2 PerRrFORMANCE OF PrAsTIcS AT HIGH TEMPERATURES

The mechanical strength of plastics at high temperatures is usually compared on
the basis of deflection temperature under load (DTUL), also known as heat deflec-
tion temperature. According to ASTM D-648 specification, DTUL is defined as the
temperature at which a specimen deflects 0.25 mm (0.010 in.) under a load of 455
or 1820 kPa (66 or 264 psi), when heated at the rate of 2°C/min. Generally, thermo-
sets have higher temperature resistance than thermoplastics. However, adding glass
and carbon fibers, as well as mineral and ceramic reinforcements, can significantly
improve DTUL of crystalline thermoplastics such as nylon, thermoplastic polyesters,
polyphenylenesulfone (PPS), and fluoroplastics. For example, at 30% glass—fiber, the
DTUL of nylon 6/6 at 264 psi increases from about 71°C to 249°C (160°F-480°F).

Although several plastics can withstand short excursions to high temperatures, up
to 500°C (930°F), continuous exposure can result in a dramatic drop in mechanical
properties and extreme thermal degradation.

4.7.3 WIDELY USED MATERIALS FOR HIGH-TEMPERATURE APPLICATIONS

Because operating temperature is the single most important factor that affects the
selection of materials for elevated-temperature service, it is normal practice to clas-
sify temperature-resistant materials according to the temperature range in which
they are expected to be used. Table 4.9 provides a summary of the widely used
materials at the different temperature ranges, and the following description provides
additional information.

4.7.3.1 Room Temperature to 150°C (300°F)

Most engineering metals and alloys, with the exception of lead, can be used in
this temperature range. Several unreinforced thermoplastics are suitable for con-
tinuous service at temperatures above 100°C (212°F). In addition, fluoroplas-
tics, polycarbonates, polyamides, polysulfones, polyphenylene sulfides, and the
newly developed materials like PEEK and PPS can be used at temperatures up to
200°C. Several FRPs, for example, nylon 6/6—glass fiber, can also serve in this
temperature range.
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TABLE 4.9
Widely Used Materials for Different Temperature Ranges

Temperature Range Widely Used Materials

Room temperature—150°C ~ <100°C thermoplastics
<150°C most engineering metals and alloys, FRP
150°C—400°C <200°C high-temperature plastics (polysulfones,
polyphenylene sulfides, polyethersulfone, and fluoroplastics)
<250°C aluminum alloys, thermosetting plastics
<400°C plain-carbon steels (short exposures), low-alloy
steels (long exposures)

400°C-600°C <450°C alpha—beta titanium alloys, low-alloy steels
<600°C 5%—12% (Cr+Mo) steels
600°C-1000°C <650°C ferritic stainless steels

<750°C austenitic stainless steels
<800°C Fe—Ni-based superalloys
<850°C Ni-based superalloys
<980°C Co-based superalloys
1000°C and above Refractory metals (Mo, Nb, Ta, W) and ceramics

4.7.3.2 150°C-400°C (300°F-750°F)

Plain-carbon or manganese—carbon steels provide adequate properties in this tem-
perature range, although it may be necessary to use low-alloy steels if very long
service, more than 20 years, is required. High-grade cast irons can be used at tem-
peratures up to 250°C for engine casings. Aluminum alloys can be used at tempera-
tures up to about 250°C (480°F), although some P/M alloys have been used for short
intervals at about 480°C (900°F).

High-temperature plastics can be used at temperatures up to 200°C (400°F) and
will withstand temperatures up to about 300°C (500°F) for short periods. These
include polysulfones, polyphenylene sulfides, polyethersulfones, and fluoroplastics.
Thermoset polyamides—graphite composites can serve in the range of 260°C-290°C
(500°F-550°F). New experimental plastics, like polyparaphenylene benzobisthiazole,
are expected to withstand temperatures up to about 370°C (700°F) for long periods.

4.7.3.3 400°C-600°C (750°F-1100°F)

Low-alloy steels and titanium alloys are the main materials used in this tempera-
ture range. Low-alloy steels are relatively inexpensive and are used if there are no
restrictions on weight. The main alloying elements that are usually added to these
steels include molybdenum, chromium, and vanadium. An example of such steels is
the 0.2C-1Cr-1Mo-0.25V steel, which is used for intermediate- and high-pressure
steam turbine rotors.

In applications at temperatures approaching 600°C (1100°F), oxidation resistance
becomes an important factor in determining the performance of materials. In such
cases, at least 8% chromium needs to be added to steels. Several steels are available
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with chromium contents in the range of 5%—12%. These steels usually also contain
molybdenum to improve their creep resistance.

Titanium alloys of alpha-phase structure exhibit better creep resistance than those
of beta-phase structure. The alpha—beta 6A1-4V alloy is most widely used for gen-
eral purposes and is limited to a maximum operating temperature of about 450°C
(840°F). The near-alpha alloy 5.5A1-3.5Sn-3Zr-1Nb-0.25Mo0-0.25Si can be used at
temperatures up to about 600°C (1110°F).

4.7.3.4 600°C-1000°C (1100°F-1830°F)

The most widely used materials for this temperature range can be divided into the
following groups:

e Stainless steels

e Fe—Ni-based superalloys
* Ni-based superalloys

e Co-based superalloys

Oxidation and hot corrosion resistance of the mentioned alloys becomes increasingly
important with increasing operating temperature. The level of oxidation resistance in
this temperature range is a function of chromium content. Aluminum can also con-
tribute to oxidation resistance, especially at higher temperatures. Chromium is also
important for hot corrosion resistance. Chromium content in excess of 20% appears
to be required for maximum resistance.

When the oxidation and hot corrosion resistance of a given alloy is not adequate,
protective coatings may be applied. Diffusion coatings, CoAl or NiAl, are com-
monly used for protection. FeCrAl, FeCrAlY, CoNiAl, or CoNiAlY overlay coatings
can also be used, and they do not require diffusion for their formation.

4.7.3.4.1 Stainless Steels

The ferritic stainless steels of the 400 series are less expensive than the austenitic
grades of the 200 and 300 series (see Table A.7). The ferritic grades are usually
used at temperatures up to 650°C (1200°F) in applications involving low stresses.
Austenitic stainless steels of the 300 series can be used at temperatures up to 750°C
(1380°F). Type 316 stainless steel with 2.5% Mo is widely used and has the highest
stress-rupture strength of all the 300 series alloys. The more highly alloyed composi-
tions 19-9 DL and 19-9 DX contain 1.25-1.5 Mo, 0.3-0.55 Ti, and 1.2-1.25 W. They
have superior stress-rupture strengths than the 300 series alloys. These alloys can be
used at temperatures up to 815°C (1500°F). Also, the 202 and 216 Cr—Ni—Mn alloys
have higher stress-rupture capabilities than the 300 series alloys.

4.7.3.4.2 Fe—Ni-Based Superalloys

Fe—Ni-based superalloys consist mainly of fcc solid-solution matrix, y phase,
strengthened by intermetallic compounds and carbide precipitates. A common pre-
cipitate is gamma prime, y’, which is Niy(ALTi). Other precipitates include carbides,
nitrides, and carbonitrides. Table A.16 gives the composition of a representative
sample of these alloys.
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4.7.3.4.3 Ni-Based Superalloys

Ni-based superalloys (see Table A.16) also consist of fcc matrix strengthened by inter-
metallic compound precipitates. Gamma prime, ¥/, is used to strengthen alloys like
Waspaloy and Udimet 700. Oxide dispersions are also used for strengthening, as in
the case of IN MA-754 and IN MA-6000E. Other Ni-based superalloys are essentially
solid-solution strengthened in addition to some carbide prec