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Foreword

This 2002 edition of Failure Analysis and Prevention is the outcome from the devoted efforts of volunteer
editors, authors, and reviewers, who have helped organize and develop this revised Volume 11 of the ASM
Handbook series. This publication would not have been possible without their vision and dedicated efforts in
the ongoing improvement of engineering knowledge and education through the analysis, understanding, and
prevention of failure.

As noted in the Preface, the authors and editors assembled this Volume with several broad themesin mind. The
nature of failure is complex, varied, and unanticipated. Its prevention can aso be multifaceted and varied. In
this way, failure analysts are not only specialists, but also educators who help others become aware of the root
cause(s) of failure. This requires a clear understanding of the many stages in the life of a part from design and
manufacturing to anticipated service, inspection, and maintenance. It aso involves a host of tools and
techniques for effective planning and implementation of afailure investigation.

Thus, failure analysis and prevention can be a complex multidisciplinary activity that requires broad knowledge
in design, manufacturing, mechanics, materials, and testing. The editors and authors have tackled this complex
nature of failure analysis and prevention in an updated volume that is, in many respects, an all-new volume.
This new edition contains over 50 new articles with expanded coverage on the four basic types of failures
(deformation, fracture, corrosion, and wear) and the variety of tools and techniques for effective planning,
organization, implementation, and reliable conclusion of afailure investigation through proper interpretation of
information.

We would like to extend our thanks to the devoted community of volunteers who have helped organize and
develop this 2002 edition of Failure Analysis and Prevention. The editors, authors, and reviewers are to be
commended for their fine contributions on a vital topic for all engineering disciplines, in the very best of
tradition of the Handbook series. We especially thank Bill Becker, Roch Shipley, Debbie Aliya, Dan Benac,
Larry Hanke, Jeff Hawk, Steve McDanels, Richard McSwain, Ron Parrington, Jm Scutti, Aaron Tanzer, and
Richard Wilson. This publication would not have been possible without their vision, knowledge, and efforts.
Gordon H. Geiger

President

ASM International

Stanley C. Theobald

Managing Director

ASM International

Preface

Welcome to the new edition of ASM Handbook, Volume 11, Failure Analysis and Prevention.

Theme and Purpose of this Volume. The authors and editors assembled this VVolume with several broad themes
in mind. First, the most important goal of failure analysis is to decrease the occurrence of component failures
through the understanding of the root cause for failure. Experienced failure analysts are often frustrated when,



despite extensive engineering research, investigations, and failure analysis reports, the same types of failures
occur again and again. When the root cause has been identified as defective global design rather than abuse or
misuse, product quality and reliability isimproved.

The failure analyst should strive to uncover the underlying or root (technical) cause of the failure. The fact that
a specific component appears to have failed in some way does not automatically mean that the component itself
is defective. The problem may lie in the way the component was used, inspected, or maintained. If it is truly
defective, then the analysis should determine whether the defect originates in design, manufacture (fabrication
and assembly), material selection/processing, or unexpected service environment.

This Volume provides a framework for investigating the above issues. In addition to sections devoted to design
and manufacture, there are also sections on failures that occur through fracture, corrosion, and wear, as well as
an article on failure through deformation. This Volume is also an attempt to address the principles, tools,
techniques, and procedures necessary to plan, organize, and conduct a thorough investigation. Not every failure
investigation is the same, and a failure root-cause analysis is more than a microstructural examination, a stress
analysis, or achemical corrosion analysis. All of these disciplines, as well as others, may be required to reach a
root cause conclusion.

No single volume, no matter how comprehensive, can present all the information that may potentialy be
needed. The emphasis of this Volume is on general principles with the widest applicability to situations that the
reader is likely to encounter. References and sources of further information are provided throughout. While
some common types of components or equipment may be included in some detail, not every type of machine
can be treated. The reader is encouraged, and in fact urged, to pursue additional sources of information so as to
understand the function and history of the component, machine, or system that is under investigation.

Audience. One of the challenges in preparing a work of this type is the diversity of readership. Some readers
are students and other novices who may be confronted with afailed part for the first time. They may be looking
to the Handbook for guidance on where to start their analysis. Other readers are experienced practitioners, using
the Handbook to verify or clarify acritical detail in their analysis. Thus, the contents of this VVolume include the
essential basics of failure analysis, as well as more advanced discussions from aresearch perspective.

The discussions of fracture mechanisms are an example of this approach to Handbook organization. The articles
“Overload Failures’ and “Fatigue Failures’ are good starting points for readers wishing to begin their study of
fracture. Examination of the fracture surface (when failure did result in fracture) at both the macro and micro
scale provides considerable information pertinent to a failure investigation. This subject is introduced in the
article “Overload Failures’ with some discussion of the mechanisms that may be involved.

For some readers, these may be sufficient, if all they need is to identify the basic fracture mechanism. However,
further study can sometimes allow the analyst to learn more about the circumstances of a fracture.
Unfortunately, there are few instances in which a single fractographic feature is definitive in identifying a root
cause (and to distinguish between abuse and defective design). Casual examination may not distinguish
between fine details caused by different fracture processes. Consequently, a detailed study of the fracture
surface at both the macroscale and microscale is helpful and may be critical in obtaining a root cause
conclusion. The reader who desires a more detailed appreciation and thorough understanding should continue
with the article “Fracture Appearance and Mechanisms of Deformation and Fracture” and the article “ Stress
Analysis and Fracture Mechanics.” These articles introduce quantitative means to relate the fracture process to
material properties and, therefore, are critical to distinguishing between abuse or misuse and inadequate quality.
Finaly, the article “Mechanisms and Appearances of Ductile and Brittle Fracture in Metals’ provides a still
more in-depth treatment on the detailed appearances at both the macroscale and microscale, with the intent of
extracting the maximum possible information for root-cause failure analysis.

Differences of Opinion. Controversy is, perhaps, inherent in the very nature of failure analysis. If anything, that
is even truer today when real or perceived failures are the subject of litigation. The authors have integrated
thoughts on legal considerations into many of the articles. However, nothing here should be taken as legal
advice. Those who are concerned regarding legal implications should consult competent counsel.

Furthermore, as every circumstance is somewhat unique, the Handbook should be used with care and should
not be the sole source of information when critical decisions are to be made. Most articles include extensive
references, which should be reviewed if further information is required.

The authors present analyses and interpretations based on scientific principles and experience. All of the articles
have been reviewed and edited. However, there can be and still are differences of opinion among failure
anaysts regarding some issues. It is up to the reader to determine whether the information presented is



applicable and helpful in a particular situation. Experienced analysts should be consulted if there is any doubt.
Degspite the best efforts of the authors, reviewers, and editors, the reader might find an area that could be
improved. If so, please bring this to the attention of the ASM Editors so that your concern can be reviewed and,
depending on the consensus of opinion, can be addressed in subsequent printings.

Collaborative Effort. This Volume reflects the efforts of many people. Except for ASM staff, all are volunteers.
Many of the volunteers are fully employed and contributed their personal time to the project. Neither they nor
their employers receive any compensation for their efforts, except for the satisfaction that accrues from being
able to share what they have learned, prevent failures, and contribute to safer, more reliable products. The
names of the authors, editors, reviewers, and ASM staff are acknowledged individualy elsewhere in this
Volume and are too numerous to list here. However, ASM Editor Steven Lampman does deserve specid
mention for his commitment, dedication, and patience, without which this Volume would not have become a
reality.

It has been most enjoyable and professionally rewarding to work with all who were involved in this effort. On
behalf of ASM and the readers of this Handbook, we express our appreciation to all for the time and effort
expended and for their willingness to share their knowledge and lessons derived from experience. Many of the
contributors have established national and international reputations in their respective fields. More than any
words of appreciation in a Preface such as this, however, it is our hope that the Handbook itself will be a most
fitting tribute to al participants, both now and into the future.

William T. (Bill) Becker

Consultant (retired, University of Tennessee)

Roch J. Shipley

Packer Engineering Inc.
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Introduction to Failure Analysis and Prevention

James J. Scutti, Massachusetts Materials Research, Inc.; William J. McBrine, ALTRAN Corporation

I ntroduction

ANALYZING FAILURES is a critical process in determining the physical root causes of problems. The process is
complex, draws upon many different technical disciplines, and uses a variety of observation, inspection, and |aboratory
techniques. One of the key factorsin properly performing afailure analysisis keeping an open mind while examining and
analyzing the evidence to foster a clear, unbiased perspective of the failure. Collaboration with expertsin other disciplines
is required in certain circumstances to integrate the analysis of the evidence with a quantitative understanding of the
stressors and background information on the design, manufacture, and service history of the failed product or system.

Just as failure analysis is a proven discipline for identifying the physical roots of failures, root-cause analysis (RCA)
techniques are effective in exploring some of the other contributors to failures, such as the human and latent root causes.
Properly performed, failure analysis and RCA are critica steps in the overall problem-solving process and are key
ingredients for correcting and preventing failures, achieving higher levels of quality and reliability, and ultimately
enhancing customer satisfaction.

This article briefly introduces the concepts of failure analysis, root-cause analysis, and the role of failure analysis as a
genera engineering tool for enhancing product quality and failure prevention. The discipline of failure analysis has
evolved and matured, as it has been employed and formalized as a means for failure prevention. Consistent with the
recent trend toward increased accountability and responsibility, its purpose has been extended to include determining
which party may be liable for losses, be they loss of production, property damage, injury, or fatality. The discipline has
also been used effectively as ateaching tool for new or |ess experienced engineers.

The importance and value of failure analysis to safety, reliability, performance, and economy are well documented. For
example, the importance of investigating failures is vividly illustrated in the pioneering efforts of the Wright Brothersin
developing self-propelled flight. In fact, while Wilbur was traveling in France in 1908, Orville was conducting flight tests
for the U.S. Army Signal Corps and was injured when his Wright Flyer crashed (Fig. 1). His passenger sustained fatal
injuries (Ref 1). Upon receiving word of the mishap, Wilbur immediately ordered the delivery of the failed flyer to France
so that he could conduct a thorough investigation. This was decades before the formal discipline called “failure analysis’
was introduced.
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Fig. 1 Crash of the Wright Flyer, 1908. Courtesy of the National Air and Space M useum,
Smithsonian I nstitution, Photo A-42555-A

Unfortunately, there are many dramatic examples of catastrophic failures that result in injury, loss of life, and damage to
property. For example, a molasses tank failed in Boston in 1919, and another molasses tank failed in Bellview, NJ, in
1973 (Ref 2). Were the causes identified in 19197 Were lessons learned as a result of the accident? Were corrective
actions developed and implemented to prevent recurrence?

Conversely, failures can also lead to improvements in engineering practices. The spectacular failures of the Liberty ships
during World War |l were studied extensively in subsequent decades, and the outcome of these efforts was a significantly
more thorough understanding of the phenomenon of fracture, culminating in part with the development of the engineering
discipline of fracture mechanics (Ref 3). Through these and other efforts, insights into the cause and prevention of failures
continue to evolve.

References cited in this section

1. P.L. Jakab, Visions of a Flying Machine: The Wright Brothers and the Process of Invention, Smithsonian
Institution, 1990, p 226

2. R.W. Hertzberg, Deformation and Fracture Mechanics of Engineering Materials, John Wiley & Sons, 1976, p
229-230

3. D.J. Wulpi, Understanding How Components Fail, 2nd ed., ASM International, 1999

Introduction to Failure Analysis and Prevention

James J. Scutti, Massachusetts Materials Research, Inc.; William J. McBrine, ALTRAN Corporation

Conceptsof Failure Analysisand Prevention

Clearly, through the analysis of failures and the implementation of preventive measures, significant improvements have
been realized in the quality of products and systems. This requires not only an understanding of the role of failure
analysis, but also an appreciation of quality assurance and user expectations.

Quality and User Expectations of Products and Systems. In an era that initially gained global prominence in the 1980s,
corporations, plants, government agencies, and other organizations developed new management systems and processes
aimed at improving quality and customer satisfaction. Some of these systems include Total Quality Management (TQM),
Continuous Improvement (Cl), and, more recently prominent, Six Sigma. Historically, these initiatives are founded on the
philosophies of the quality visionaries W. Edwards Deming (Ref 4) and Joseph Juran (Ref 5).

In their most basic descriptions, TQM and CI represent full organizational commitment to a system focused on “doing the
right thing right the first time” and not merely meeting but exceeding customer requirements (Ref 6, 7). They are focused
on process improvements, generaly in a production environment. Six Sigma adopts these themes and extends the “reach”
of the system to all levels of organizations, with a system to achieve, sustain, and maximize business success (Ref 8). Six



Sigma is founded on the use of measurements, facts, and statistics to move organizations in directions that constantly
improve and reinvent business processes (Ref 8). The roots of this business system are in the statistical limits set for the
maximum number of defectsin a product, as a fraction of the total number of opportunities for such defects to occur. To
the practitioners of this system, “six sigma” is a statistical metric referring to six times the statistical standard deviation of
a normal distribution, which alows no more than 3.4 defects per million opportunities (equivaent to 99.9997%
reliability). This is indeed a lofty goal for any organization (be it a manufacturing company, a petrochemica plant, a
service business, or a government agency), but companies committed to Six Sigma have reported significant gains in
productivity with simultaneous improvements in organizational culture (Ref 7, 8, 9).

The most positive result of these new management systems is that organizations have responded to the higher
expectations of consumers and users and have provided higher-quality products and systems, with attendant increases in
customer satisfaction. However, this notion of the quality of a product or system is multifaceted. Juran described quality
as “fitness for use” (Ref 5). TQM defines quality as the ability to satisfy the needs of a consumer (Ref 10). These
characteristics of quality aso apply internally to those in organizations, either in the services, or in manufacturing,
operating, or administering products, processes, and systems (Ref 10). The intent is to provide not only products and
systems that garner high customer satisfaction, but also that increase productivity, reduce costs, and meet delivery
reguirements.

In general, high quality refers to products and systems manufactured to higher standards, in response to higher
expectations of consumers and users. These expectations include such attributes as:

Greater safety

Improved reliability

Higher performance

Greater efficiency

Easier maintenance

Lower life-cycle cost

Reduced impact on the environment

Some or al of these qualities at one time appeared mutualy exclusive. However, customer demands and the
aforementioned new business-management systems have provided a means of measuring and quantifying these attributes,
creating a new paradigm for business. With the business-culture changes that have occurred through the implementation
of one or more of the aforementioned improvement systems, users in recent years have experienced, in general,
improvement in all of these areas simultaneoudly. That translates to reduced product failure and greater likelihood of
preventing failures. It is important to recognize that, with all the gains achieved under these management systems, the full
potential for maximizing these attributes is yet to be achieved.

Though all of the various improvement systems are unique, they have two aspects in common. They are all customer
focused and are founded on problem solving as a means for improvement.

When addressing customer focus, producers and other organizations have identified that the form, fit, function, and
service-life requirements of a product or system are actually defined ultimately by customers. Customer-focused
manufacturers strive to meet these requirements in designing, developing, and producing their products or systems. In a
broad sense, form, fit, function, and service life represent the technically relevant properties of a product. The form, or
physical characteristics of components or products, include the size and shape of a product, as well as the materials of
construction and the manufacturing techniques used. The manner in which individual components are assembled into and
integrate with the product as a whole describes the fit of components. The function of a product or system isits ability or
capability to serve the need for which it was intended. Service life is the duration over which the product or system
successfully servesits function. These characteristics define products in the customer's eyes. Arguably the most important
characteristics, from a consumer's perspective, are how well a product or system functions and how long it serves a useful
life.

Problem Solving, Quality, and Customer Satisfaction. Achieving the levels of quality that meet and exceed customer
expectations is paramount to customer satisfaction in a customer-focused management system. Since a customer's
perspective of quality is strongly tied to the function and service life of a product or system, it follows that failure to
provide adequate measures of function and service life presents problems. One proven technique to improving quality is
problem solving. Problems can range broadly, from maintenance training issues, to marginal equipment reliability, to
business systems conflicts, to policy inconsistencies, to poor working conditions on the shop floor. When a problem
occurs, the responsible organization will analyze the problem to determine the cause and solve it. However, due to various
business or cultural pressures, some organizations fall into the following pitfalls when problems arise (Ref 9):

Do nothing and perhaps hope that the problem will go away.
Deny that the problem exists, minimize its importance, question the matives of those identifying the problem.
Troubleshoot in a haphazard fashion (i.e., “shotgun” troubleshooting).



Chasefalse leads (i.e., “red herrings”).

In an enlightened organizational culture, products or systems require a systematic approach to problem solving, based on
analysis, to achieve the levels of quality and customer satisfaction defined by the new management systems. The cultural
aspect is critical, as those who have identified problems must be encouraged to come forward. Furthermore, resources and
commitment are required to formulate the solutions and implement necessary changes.

Problem-Solving Models. A wide range of problem-solving methods and models are available in the literature (Ref 4, 5,
6, 8, 9, 10, 11, 12), presenting various details of approaches and processes for solving any of the genera types of
problems defined previously. All of these methods and models are rooted in the scientific method (summarized as
follows) (Ref 6):

Define the issue
Propose a hypothesis
Gather data

Test the hypothesis
Develop conclusions

agrLODdDE

A concise problem-solving model, adapted from several of the referenced authors, and that has specific applicability to
this Volume, is depicted in Fig. 2. The continuous, circular format in the graphic is significant, indicating that the process
reinitiates with the identification of a new problem or problems brought to light as a result of the first problem-solving
activity. Note the similarity to the classical scientific method summarized previously.
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Fig. 2 Problem-solving model
The major steps in the model define the problem-solving process:

1. Identify: Describe the current situation. Define the deficiency in terms of the symptoms (or indicators). Determine

the impact of the deficiency on the component, product, system, and customer. Set a goal. Collect data to provide

ameasurement of the deficiency.

Determine root cause: Analyze the problem to identify the cause(s).

Develop corrective actions. List possible solutions to mitigate and prevent recurrence of the problem. Generate

aternatives. Develop implementation plan.

4. Validate and verify corrective actions. Test corrective actions in pilot study. Measure effectiveness of change.
Validate improvements. Verify that problem is corrected and improves customer satisfaction.

5. Sandardize: Incorporate the corrective action into the standards documentation system of the company,
organization, or industry to prevent recurrence in similar products or systems. Monitor changes to ensure
effectiveness.

wn

The second step in the problem-solving model, determine root cause, introduces a very significant process. Solutions to
prevent recurrence of problems cannot be devel oped without identification of the root cause.



Failure Definitions. In the general sense of the word, a failure is defined as an undesirable event or condition. For the
purposes of discussion related to failure analysis and prevention, it is a general term used to imply that a component is
unable to adequately perform its intended function. The intended function of a component and therefore the definition of
failure may range greatly. For instance, discoloration of an architectural feature is a failure of its intended aesthetic
function.

Failure can be defined on several different levels. The smplest form of afailure is a system or component that operates,
but does not perform its intended function (Ref 13). Thisis considered a loss of function. A jet engine that runs but can
only produce partial thrust (insufficient to enable an aircraft to take off) is an example of aloss of function.

The next level of failure involves a system or component that performs its function but is unreliable or unsafe (Ref 13). In
this form of failure, the system or component has sustained a loss of service life. For example, a wire rope for an elevator
has lost its service life when it has sustained fatigue fractures of some of the individual wires, due to irregularities in the
wrapping over the sheave. Even though the wire rope continues to function, the presence of fatigue fractures of some of
the wires results in an unsafe condition and is therefore considered a failure. Another example of such a failure is the
inability of an integrated circuit to function reliably.

In the next level of severity of failure, a system or component is inoperable (Ref 13), such as a pump shaft fracture that
causes the impeller to seize or aloss of load-carrying capability of a structural bolt in-service dueto fracture.

Failure and Failure Analysis. A logical failure analysis approach first requires a clear understanding of the failure
definition and the distinction between an indicator (i.e., symptom), a cause, a failure mechanism, and a consequence.
Although it may be considered by some to be an exercise in semantics, a clear understanding of each piece of the situation
associated with a failure grestly enhances the ability to understand causes and mitigating options and to specify
appropriate corrective action.

Consider the example of a butterfly valve that fails in service in a cooling water system at a manufacturing facility (Table
1). Recognizing the indicators, causes, mechanisms, and consequences hel ps to focus investigative actions:

Indicators(s): Monitor these as precursors and symptoms of failures.

Cause(s): Focus mitigating actions on these.

Failure mechanism(s): These describe how the material failed according to the engineering textbook definitions.
If the analysis is correct, the mechanism will be consistent with the cause(s). If the mechanism is not properly
understood, then all true cause(s) will not be identified and corrective action will not be fully effective.
Consequence(s): Thisiswhat we aretrying to avoid.

Table 1 Example—Failure of a butterfly valve in a manufacturing plant cooling water
system

Item Description Indicators
Cause Thrattling of valve by the operator outside of the design Flow gages and records
parameters
Operator logs
Low-strength copper nickel aloy construction Material specifications
Laboratory analysis
Flow-induced cavitation Rumbling noise in system

Vibration of system

Failure Erosion-fatigue damage Laboratory examination of disk,
mechanism thinning
Conseguences Inability to manufacture at normal production rates

Life-Cycle Management Concepts. The concept of life-cycle management refers to the idea of managing the
service life of a system, structure, or component. There is a cost associated with extending the service life of a
component, for example, higher research costs, design costs, material and fabrication costs, and higher maintenance costs.
With regard to product failures, it must be understood that failures cannot be totally avoided, but must be better
understood, anticipated, and controlled. Nothing lasts and functions forever. For some products, consumers may prefer a
shorter life at a more modest cost. In contrast, the useful service life of a product such as an aircraft part may be carefully
planned in advance and managed accordingly with routine inspections and maintenance, which may increase in frequency
over time. In many cases, avoiding failures beyond a certain predetermined desired life provides no benefit, such asisthe
case when a surgical implant is designed to far outlive the human recipient. There is also a point of diminishing return on
investments related to extending the life of a component. A life-cycle management study of a component would look at
these issues as well as other factors such as the issue of obsolescence. How long will it be before the product is obsolete?




Understanding how the typical distribution of failure for a given product must be factored with time is also important
when looking at failure patterns (Fig. 3). Early life failures are often associated with fabrication issues, quality-control
issues, or initial “shakedown” stresses, while age-related failure rates would increase with time. This is discussed in more
detail in the article “ Reliability-Centered Maintenance” in this Volume.
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Fig. 3 Typical timedistribution of failures (“bathtub curve”)

Once the concept of a managed life is prudently adopted over a simple failure prevention concept, design and fabrication
costs can be reduced and maintenance and other life-prolonging activities can be optimized.

Diligence in Use of Terminology. Communicating technical information is of paramount importance in all engineering
areas, including failure analysis. The choice of technical descriptors, nomenclature, and even what might be considered
technical jargon is critical to conveying technical ideas to other engineers, managers, plant personnel, shop personnel,
maintenance personnel, attorneys, a jury, and so forth. It is instructive in this introductory article to emphasize that a
descriptor can mean something very specific to a technical person and mean something very different to a business
manager or an attorney.

For example, the term “flaw” is synonymous with “defect” in general usage. However, to a fracture mechanics specialist,
aflaw is a discontinuity such as a crack. Under some circumstances, when the crack is smaller than the critical size (i.e.,
subcritical), the crack is benign and therefore may not be considered a defect. To the quality-control engineer, flaws are
characteristics that are managed continuously on the production line, as every engineered product has flaws, or
“deviations from perfection” (Ref 14). On the manufacturing floor, these flaws are measured, compared with the
preestablished limits of acceptability, and dispositioned as acceptable or rejectable. A rejectable characteristic is defined
as a defect (Ref 14). To the Six Sigma practioner, a defect is considered anything that inhibits a process or, in a broad
sense, any condition that fails to meet a customer expectation (Ref 9). To the attorney, a defect refers to many different
types of deficiencies, including improper design, inadequate instructions for use, insufficient warnings, and even
inappropriate advertising or marketing (Ref 15).

Similar nuances may occur in the basic definitions and interpretations of technical terms used in materials failure analysis.
Terms such as ductile and brittle, crack and fracture, and stable and unstable crack growth are pervasive in failure
analysis. Even these seemingly basic terms are subject to misuse and misinterpretations, as suggested in Ref 16—for
example “brittle cleavage,” which is a pleonasm that does not explain anything. Another example noted in Ref 16 is the
term “overload fracture,” which may be misinterpreted by nonanalysts as a failure caused by a load higher than
anticipated by the materials or mechanical engineers. This limited interpretation of overload failure is incomplete, as
described in the article “ Overload Failures’ in this Volume.

Judgmental terminology should be used with prudence when communicating analytical protocols, procedures, findings,
and conclusions. Communications during the preliminary stages of an investigation should be factual rather than
judgmental. It is important to recognize that some of the terminology used in a failure analysis can be judgmental, and
consideration must be given to the implications associated with the use of such terminology. For example, when
examining both a failed and an unfailed component returned from service, references to the unfailed sample as “good”
and the failed sample as “bad” should be avoided. This is because the investigation may reveal both samples to contain
the same defect, and therefore both could be considered “bad.” Similarly, neither may be “bad” if the analysis actually
indicates the failed component met al requirements but was subjected to abuse in service. On completion of the failure
analysis, judgmental terminology is often appropriate to use if the evidence supports it, such as in the example of a
casting defect that has been confirmed in the example bolt failure analysis.

While discussions of the semantics of terminology may seem pedantic, communicating the intended information gleaned
from afailure analysisrelies heavily on precision in the use of language.
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Introduction to Failure Analysis and Prevention

James J. Scutti, Massachusetts Materials Research, Inc.; William J. McBrine, ALTRAN Corporation

Root-Cause Analysis

Failure analysis is considered to be the examination of the characteristics and causes of equipment or component failure.
In most cases this involves the consideration of physical evidence and the use of engineering and scientific principles and
analytical tools. Often, the reason why one performs a failure analysis is to characterize the causes of failure with the
overal objective to avoid repeat of similar failures. However, analysis of the physica evidence alone may not be
adequate to reach this goal. The scope of a failure analysis can, but does not necessarily, lead to a correctable root cause
of failure. Many times, afailure analysis incorrectly ends at the identification of the failure mechanism and perhaps causal
influences. The principles of root-cause analysis (RCA) may be applied to ensure that the root cause is understood and
appropriate corrective actions may be identified. An RCA exercise may simply be a momentary mental exercise or an
extensive logistical charting analysis.

Many volumes have been written on the process and methods of RCA. The concept of RCA does not apply to failures
alone, but is applied in response to an undesirable event or condition (Fig. 4). Root-cause analysis is intended to identify
the fundamental cause(s) that if corrected will prevent recurrence.
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Fig. 4 Root-cause analogy

Levels. The three levels of root-cause analysis are physical roots, human roots, and latent roots (Ref 17, 18, 19, 20, 21).
Physical roots, or the roots of equipment problems, are where many failure analyses stop. These roots may be what comes
out of a laboratory investigation or engineering analysis and are often component-level or materials-level findings.
Human roots (i.e., people issues) involve human factors that caused the failure, an example being an error in human
judgment. Latent roots lead us to the causes of the human error and include roots that are organizational or procedural in
nature, as well as environmental or other roots that are outside the realm of control. These levels or root cause are best
defined by the two examplesin Table 2.

Table2 Examplesof root causes of failure of pressure vessel and bolt

Root type Pressure vessel failure Bolt failure

Physical roots | Corrasion damage, wall thinning | Fatigue crack; equipment vibration; lack of vibration; isolation

Human roots | Inadequate inspection performed | Improper equipment installed

Latent roots | Inadeguate inspector training I nadequate specification verification process

How deeply one goes into the root causes depends on the objectives of the RCA. These objectives are typically based on
the complexity of the situation and the risk associated with additional failures. In most cases, one desires to identify root
causes that are reasonably correctable. An example of the variety of possible root causes of an electric motor driven
compressor assembly is provided in Table 3 (Ref 22).

Table3 Possible causes of electric motor driven pump or compressor failures

System design Component Shipping and Installation Operationsand | Distress damage or

and specification | manufacturer's | storage responsibility | maintenance failed components

responsibility responsibility responsibility responsibility

Application Material of Preparation Foundations Shock Distress damages
construction for shipment

Undercapacity Settling Thermal Vibration
Flaw or defect Qil system not

Overcapacity clean Improper or Mechanical Short/open circuit
Improper material insufficient

Incorrect physical I nadequate grouting Improper startup | Failed components




System design Component Shipping and Installation Operationsand | Distress damage or
and specification | manufacturer's | storage responsibility | maintenance failed components
responsibility responsibility responsibility responsibility
condition assumed | Improper drainage
(temperature, treatment Cracking or Operating Sleeve bearing
pressure, etc.) Protective separating
Design coating not Slugs of liquid Sedl
Incorrect physical applied Piping
property assumed I mproper Process surging Coupling
(molecular weight, | specification Wrong coating | Misalignment
etc.) used Control error Shaft
Wrong selection Inadequate
Specifications Equipment not | cleaning Controls Pinion/ball/turning
Design error cleaned deactivated/not gear
Inadequate Inadequate installed
lubrication system | Inadequate or Protection support Casing
wrong lubrication Operating error
Insufficient control Insufficient Assembly Rotor
instrumentation Inadequate liquid | protection Auxiliaries
drain Misalignment Impeller
Improper coupling Corrosion by Utility failure
Critical speed salt Assembly Shroud
Improper bearing damage Insufficient
Inadequate Corrosion by instrumentation Piston
Improper seal strength rain or humidity | Defective
material Electronic control | Diaphragm
Insufficient Inadequate Poor packaging failure
shutdown devices | controls and Inadequate Wheel
protective devices | Desiccant bolting Pneumatic control
Material of omitted failure Blades; fail, root,
construction Fabrication Connected shroud
Contamination | wrong Lubrication
Corrosion and/or Welding error with dirt, etc. Labyrinth
erosion Foreign Dirtin ail
Improper heat Physical material left in Thrust bearing
Rapid wear treatment damage Insufficient oil
Genera poor Pivoted pad bearing
Fatigue Improper hardness | Loading workmanship Wrong lubricant
damage Roller/ball bearing
Strength exceeded | Wrong surface Water in oil
finish Transport Cross-head piston
Galling damage Oil pump failure
Imbalance Cylinder
Wrong hardening Insufficient Low oil pressure
method Lube passages not | support Crankshaft
open Plugged lines
Design for Unloading
installation Assembly damage Improper
filtration
Unsatisfactory Improper fit
piping support Contaminated ail
I mproper
Improper piping tolerances Craftsmanship
flexibility after
Parts omitted maintenance
Undersized piping
Partsin wrong I mproper
Inadequate tolerances

foundation

Parts/bolts not




System design Component Shipping and Installation Operationsand | Distress damage or

and specification | manufacturer's | storage responsibility | maintenance failed components
responsibility responsibility responsibility responsibility
tight Welding error
Unsatisfactory soil
data Poor alignment Improper surface
finish
Liquid ingestion Imbalance
Improper fit
Inadequate liquid Inadequate
drain bearing contact Genera poor
workmanship
Design error Inadequate testing
Assembly after
maintenance
M echanical
damage

Partsin wrong
Parts omitted
Misalignment
Improper bolting
Imbalance
Piping stress

Foreign material
leftin

Wrong material
of construction

Preventive
maintenance

Postponed

Schedule too long

Requirements for Effective RCA. Performing an effective RCA requires an interdisciplinary approach in order to ensure
that the results are correct and proper corrective actions are identified. In fact, most failures involve factors that spread
across many disciplines such as metallurgy, mechanical engineering, hydraulics, electrical engineering, quality control,
operations, maintenance, human factors, and others. The analysis team on a complex failure will idealy represent a
spectrum of expertise to ensure a very broad perspective.

The best analysis team |eader must be a good communicator, have a broad background, be able to integrate factors, and be
able to select the best expertise for the project. On less complex failuresit is often beneficial to have an individual with a
diverse background participate in addition to the specialists, once again to ensure a broader perspective. For example, a
metallurgist may be more likely to report a metallurgical deficiency in a product that contributed to the failure, a
fabricator is more likely to point to fabrication-related contributors, and a designer is more likely to identify design
deficiencies. All of these may be important considerations, but one, all, or none may be a primary root cause. Problems
related to people, procedures, environmental concerns, and other issues can also be treated effectively by conducting
problem-solving processes and RCAs (although the main focus of this article and this Volume is on materials failure
analysis).
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Introduction to Failure Analysis and Prevention

James J. Scutti, Massachusetts Materials Research, Inc.; William J. McBrine, ALTRAN Corporation

Primary Physical Root Causes of Failure

Categorizing schemes for the root causes of equipment failures vary among failure analysis practitioners, quality
engineers, other engineers, and managers, as well as legal and insurance professionals (Ref 13, 15, 23, 24, 25, 26, 27).
Grouping physical root causes into only a few fundamental categories is advantageous and informative because it defines
which aspect of aproduct or system requires corrective action and prevention strategies. Systematic analysis of equipment
failures reveals physical root causes that fall into one of four fundamental categories (Ref 28):

Design deficiencies

Material defects
Manufacturing/installation defects
Servicelife anomalies

An effective graphical representation of the impact of defects on the service life of a component or system is provided in
the application-life diagram (Fig. 5) (Ref 29, 30). The diagram is constructed by plotting the service lives of components
having specific characteristics in the design/configuration, as related to the severity of a specific service condition that is
anticipated for the application. Typical characteristics include strength, corrosion resistance, heat treatment condition,
flaw size, surface finish, bend radius, void content (i.e,, in a casting), degree of sensitization, and so forth. Examples of
service conditions include magnitude of stress (either cyclic or static), exposure temperature, aggressiveness of
environment, radiation exposure, electrical stress, and so forth.
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Fig. 5 Application-life diagram comparing the severity of a service condition with the
service lives of products having a variable characteristic. This diagram is utilized in
specific examplesin text.

By varying the characteristics, a family of curves is generated, contrasting the lives of components with the various
characteristics and service conditions with the intended service life. Each of the curves represents a different
design/configuration characteristic, with increasing degrees of durability as the curves move up the ordinate. Failures can
be prevented when the curve for a specific design/configuration lies above the severity of service line, and to the left of
the intended service life line. However, if the severity of service conditions increases (either intentionally during
operation or as a result of some other change in the system), the propensity for failure may increase, since the
characteristics curves intersect the severity of service condition line “to the left,” that is, at an earlier point in the service
life.

Design Deficiencies

Root causes of failures that stem from design deficiencies refer to unacceptable features of a product or system that are a
result of the design process. This process encompasses the original concept development, the general configuration
definition, and the detail design, including selection and specification of materials and manufacturing processes. Design
involves identifying and defining a need for the product or system, followed by definition of the performance
requirements, anticipated service conditions in the application(s), the constraints on the design, and the criticality or risks
associated with failure (Ref 31). Discussion of the design process as it relates to failure analysis and prevention is
provided in the article “Design Review for Failure Analysis and Prevention” in this Section.

Some examples of design deficiencies include unintended stress raisers due to excessively sharp notches (Ref 32) (e.g., in
keyways on shafts) or insufficient radii (e.g., on shafts at bearing journals). Other examples include unanticipated residual
stresses associated with heat treating configurations designed with complex geometries, or assembly stresses from
configurations that contain unwanted interference. Inappropriate surface treatments could result in failures, such as the
use of cadmium plating on an A286 superalloy fastener, subjected to service temperatures above 315 °C (600 °F) (the
melting temperature of cadmium is 320 °C, or 610 °F). Two metals specified for use in a wear application could sustain
gdling if the metals are incompatible, such as sliding wear of components made from 300 series stainless steels.

Selection of a material that is incapable of providing adequate mechanical properties for the application (including
strength, fatigue resistance, fracture toughness, corrosion resistance, €levated temperature resistance, etc.) is aso atype of
design deficiency. Materials can exhibit anisotropy, or variability in properties within a product, such as between the thick



and thin portions of a casting, or between longitudinal and transverse properties in a wrought material. Note that a
material can be shown to meet the properties required or specified (i.e., a separately cast tensile bar used to certify a
casting, or the longitudinal tensile properties to certify a complex aluminum extrusion), but the specific properties
required for the application may rely on the strength, toughness, or stress-corrosion cracking resistance in a direction
other than longitudinal.

Design-caused failures include inappropriate geometries (as defined on the engineering drawing), which may lead to a
compromise of component or system capabilities. Examples of inappropriate geometries include improper joint
preparation for welding or brazing, such as an insufficient or missing groove for a groove weld, insufficient fit-up relief in
a socket weld, or inadequate joint overlap in a brazed joint. Other geometry-caused failures can result from insufficient
section thickness for a failure based on gross yielding, excessive section thickness in the presence of aflaw for a material
of limited fracture toughness, or a fabrication configuration with an excessively sharp forming bend, with the resulting
high residual stresses causing areduction in the fatigue life.

For the example of the excessively tight cold-formed bend radius described previously, an application-life diagram can be
constructed as shown in Fig. 6. The service condition considered is stress, and the characteristic that is varied is the radius
of the cold-formed bend. Upon examination of the relationship between the characteristic curves and the intended service
life, the components having the large and moderate bend radii are found to meet the intended service life at the severity of
stress that is anticipated in the specific application. However, in this illustration, the component with the small bend
radius sustained a premature failure at the anticipated stress level in the application, since the curve intersects the severity
of stressline prior to reaching the intended service life.
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Fig. 6 Application-life diagram for design deficiency

Some of the aforementioned deficiencies in design as well as application-life diagram concepts are illustrated in the
following two case histories.

Example 1: Ice Cream Drink Mixer Blade Failures. Excessive assembly stresses and inappropriate detail design caused
the premature failures of ice cream drink mixer blades shortly after the mixing machines were introduced into service. A
mixer blade as-manufactured is shown on the left side of Fig. 7. As assembled (right side of Fig. 7), the mixer blade is
dlightly deformed by the contact between the wavy washer at the bottom of the assembly and the bends at the bottom
shoulders of the two mixer arms. When properly torqued, the screw that fastens the wavy washer and the mixer blade to
the spindle in the center of the assembly places an upward force on the bottoms of the arms (as indicated by the pair of
upward facing arrows in Fig. 7). This results in the observed inward deflection of the arms (as indicated by the right and
left facing arrows). More significantly, this bending force places the inside radii of the two shoulders of the mixing blade



arms (at the bottom of the blade) in tension. When the mixer is running, the rotational forces further add to the tensile
loads on the inside radii of the shoulders.

Fig. 7 Ice cream mixer blade as manufactured (left) and assembled to spindle (right)

Analysis of the failed mixer blades revealed multiple fatigue crack origins on the inside radii of the bends at the bottom
shoulders (Fig. 8). Metallographic examination of the arm materials revealed additional problems with the configuration:
the shoulders on the arms were cold bent, introducing tensile residual stresses on the inside radii of the shoulders and
creating a localized area of fatigue susceptibility due to the inherent notch sensitivity of cold-formed 300 series stainless

Fig. 8 Fracture surface of failed ice cream mixer blade. Arrows indicate fatigue crack
origins. 13x

Clearly, the physical root cause is the design of the mixer blade, which defined two bend areas that contained tensile
residual stresses, tensile assembly stresses, and a notch-sensitive microstructure that added to the normal operating
rotational and vibratory stresses. The net effect was a reduction in the life of the blade causing loss of function.
Corrective-action recommendations included the addition of a stand-off washer between the wavy washer and the bottom
shoulders of the blade, or modification of the shape of the wavy washer to prevent contact with the blade shoulders as

assembled.



Example 2: Sprocket Locking Device Failure. (Ref 33). A design deficiency involving improper materials selection was
revealed through the analysis of a failed tapered-ring sprocket locking device. The device is used to attach a chain
sprocket to a shaft without the use of alocking key, enabling the shaft to either drive or be driven anywhere on the shaft
(see Fig. 9). The configuration consists of an assembly of four tapered rings (Fig. 10) that are retained by a series of cap
screws. As shown in Fig. 11, when the screws are tightened, the middle wedge-shaped rings are pulled closer, forcing the
split inner ring to clamp tightly onto the shaft, and the split outer ring to force tightly against the inside diameter of the
sprocket. When properly assembled and torqued, the sprocket is fixed to the shaft.

Tapered-ing

Fig. 9 Sketch of tapered-ring locking device application

/

Fig. 10 Four tapered rings of locking device. Arrow indicates crack in one of the middle
rings.

soraw

Fig. 11 Plan view (left) and cross section (right) through tapered-ring locking device
assembly.

During initial assembly of a new locking device by the manufacturer during a bench test, one of the wedge-shaped middle
rings fractured prior to having been fully torqued, preventing the sprocket from being locked to the shaft. The failed
assembly was investigated for root cause. One of the middle rings had cracked (Fig. 10, 12a). Examination of the fracture



revealed “woody” fracture features (Fig. 12b), as a result of decohesion between a high volume fraction of manganese
sulfide stringers and the matrix (Fig. 13). The matrix fracture features showed ductile dimple rupture.

Fig. 12 Crack (a) and broken-open fracture surface (b) of failed wedge-shaped middle
tapered ring. 6x

—
100 pm

Fig. 13 Higher-magnification view of fracture surface shown in Fig. 12 at origin of
cracking. Arrows indicate large manganese sulfideinclusion at origin.

Chemica analysis of the material revealed a resulfurized grade of carbon steel (SAE type 1144, UNS G11440), as
required by the manufacturer. This type of steel is marketed as having a rather unusual combination of high strength and
high machinability. The source of the high strength is in the carbon content and the cold-drawing process used to produce
the bar material, giving rise to enhanced longitudinal tensile properties. The high volume fraction of manganese sulfide
inclusions (Fig. 14) impart the high machinability properties, due to the well-documented enhancement to chipmaking



during machining. The trade-off to this combination of properties, however, isthe loss of transverse properties, including
strength, ductility, and toughness.

Fig. 14 Significant volume fraction of manganese sulfide inclusions in wedge-shaped
tapered ring microstructure. 73x

Analysis of the forces present in the tapered-ring locking device revealed that when the fastening screws were torqued, a
significant hoop stress was placed on the middle rings due to the wedging action between the inner and outer rings as well

as the relatively small cross section of the middle rings at the fastener holes (see Fig. 11). Since the large inclusion was
present at the minimum section thickness zone of the middle ring, the stresses applied to the middle rings during normal
torquing caused failure at the inclusion. Since the material contained a high volume fraction of these inclusions, this
material choice was not appropriate for this application. The material was weak in an orientation of relatively high stress.
Failure prevention recommendations involved specification of a nonresulfurized grade of alow-alloy steel.

Example 2 illustrates some of the complexity and subtlety of RCA. The material was no doubt chosen for its ease of
machining. The designer may not have been heavily involved in the material specification or may not have realized the
sensitivity of this particular design to material anisotropy. The material itself was not defective or bad, and the part design
was reasonabl e too, except for the material selection, which turned out to be the critical factor in this case.

M aterial Defects

Unacceptable imperfections or discontinuities in materials are defects, and some types of imperfections may be generally
detrimental to the performance or appearance of a product or system. Some of the classical types of material
discontinuities that have been identified as causal factor(s) in failures include:

Metal product form Types of discontinuities
Forgings Laps

Bursts

Flakes

Segregation




Metal product form Types of discontinuities

Cavity shrinkage
Centerline pipe
Parting line grain flow

Inclusions

Castings Porosity, gas, and microshrinkage
Cavity shrinkage

Segregation

Cold shuts

Inclusions

Plate and sheet Edge cracking
Laminations

Flakes

Extrusions and drawn products | Edge cracking
Seams

Steps

Central bursts

More detailed descriptions, with physical characteristics and mechanisms for the creation of these defects, are contained
in subsequent sections of this Volume. Problems that may develop during subsequent processing, such as heat treating
and welding, are discussed in the section “Manufacturing/Installation Defects’ in this article.

These material defects can be generally described as discontinuities that degrade the performance of a product in some
way. Despite measures taken to control, document, measure, analyze, and improve the processes involved in
manufacturing the metal product (such as in TQM and Six Sigma systems), material defects occur. Many defective
products are prevented from leaving the mill, foundry, or forge through diligence in adhering to internal procedures and
guality-assurance systems. Y et defective materials are sometimes delivered. Depending on the criticality, periodic field
inspection may be required and may reveal defects not previously identified. A case study of one such occurrence
illustrates the effectiveness of a maintenance plan that includes periodic inspection.

Example 3: Forging Laps in Ski Chair Lift Grip Components. Alloy steel forgings used as structural members of a ski
chair lift grip mechanism were identified to have contained forging laps during an annual magnetic particle inspection of
al chair lift grip structural members at a mountain resort. A lap in one of the lift grip components (Fig. 15) measured 4.8

mm (1% in.) long on the surface. An example of the metallurgical cross section through a similar lap is provided in Fig.

16. In accordance with the ASTM standard for magnetic particle inspection, the paint on the forgings was stripped prior to
performing the magnetic particle inspection, since the thickness of the paint dightly exceeded the maximum allowable
0.05 mm (0.002 in.) thick paint layer. It should be noted that prior annual inspections, performed at a contracted magnetic
particle inspection facility, revealed no significant indications on these forgings. However, the paint was not stripped prior
to the magnetic particle inspection at that time.



Fig. 16 Microstructure of forging lap in another ski lift grip component. As-polished.
111x

The presence of the laps, which are rejectable according to the manufacturer's drawings, indicates the forgings were
delivered from the manufacturer in this condition. Aside from the obvious procedural roots related to the quality system
of the manufacturer, the present issue was whether or not the laps (i.e., sharp-notched discontinuities) had “grown” in a
progressive manner, such as by fatigue or stress-corrosion cracking, during the five years that the components had been in
service.

The material was confirmed to be 34CrNiMo6 (a European Cr-Ni-Mo alloy steel containing 0.34% C), as required. The
broken-open lap (Fig. 17) revealed a darkened area on the fracture surface that was consistent with the dimensions of the
lap. The darkened area extended 0.89 mm (0.035 in.) deep. Adjacent to the darkened area, a small area of bright, fibrous
fracture features was observed, as well as a transition to a bright, faceted fracture appearance. Scanning electron
microscope examination in conjunction with energy-dispersive x-ray spectroscopy (EDS) revealed a heavy oxide on the
dark area of the fracture surface (Fig. 18). The bright area adjacent to the dark area contained ductile dimple rupture,
which changed to cleavage fracture beyond this area. It was determined through stereomicroscopy, fractography, and
metallography that the oxidized portion of the fracture was the preexisting forging lap and that both bright fracture areas
were created in the laboratory during the breaking-open process. A cross-sectional view of the broken-open lap is shown
in Fig. 19, depicting the field of oxides in the material beneath the lap surface.
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Fig. 18 Scanning electron micrograph of surface featuresin dark area.

Fig. 19 Micrograph of lap. As polished. 58x

This case is particularly significant in that it is a successful example of failure prevention through periodic field
inspections. The previously unknown defects were discovered only after magnetic particle inspection procedures adhering



to ASTM standard practices were rigorously followed. Subsequent investigation and analysis of the indications revealed
no growth of the laps in service. Nevertheless, the corrective action defined that all forgings showing laps be removed
from service. Preventive measures involved critical review and revision of the forging process (so that future lots would
be properly forged) and revisions to the nondestructive evaluation (NDE) procedures at the forging supplier.

Building an application-life diagram around this case (Fig. 20) (Ref 29), one can explore the impact of material defects of
various sizes on service life. In one possible scenario, the lower curve in Fig. 20 could describe the observed lap, being
detectable by NDE and of a size sufficient to sustain growth under the anticipated service conditions at some time in the
future. However, at the time of the inspection, the defect was smaller than that required for crack growth, since the date of
the inspection is relatively early in the intended service life of the component. The risk of crack growth and premature
failure at some time in the future (as shown by the “X” in Fig. 20) prompted the removal from service of all forgings
showing NDE indications.
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Fig. 20 Application-life diagram showing effects of different sized material discontinuities
on servicelife

Manufacturing/l nstallation Defects

Manufacture refers to the process of creating a product from technical documentation and raw materials, generaly
performed at a factory. Installation can be considered manufacturing in-place, such as at a construction site or a new
plant. Products can be designed properly using sound materials of construction, yet be defective as delivered from the
manufacturer, due to rejectable imperfections (i.e., defects) introduced during the manufacturing process or due to errors
in the installation of a system at a site. A wide variety of manufacturing-caused defects exist; each and every
manufacturing/installation process has many variables that, when allowed to drift toward or to exceed control limits, can
result in a defective product (Ref 34).

Some examples of such manufacturing/installation anomalies are listed below (Ref 35, 36). Failures associated with
metalworking, welding, and heat treating operations are also discussed in more detail in other articlesin this Volume, and
example 4 also illustrates the effects of manufacturing anomalies on the life of a component.

Metal Removal Processes

Cracks due to abusive machining
Chatter or checking due to speeds and feeds



Microstructural damage due to dull tool

Grinding burn

Electrical discharge machining recast layer cracking
Electrochemical machining intergranular attack
Residual stress cracking due to overheating

Metalworking Processes

Cracking, tears, or necking due to forming/deep drawing

Laps due to thread rolling/spinning

Tool marks and scratches from forming

Surface tears due to poor surface preparation prior to working
Residual stress cracking due to flowforming

L iders lines due to forming strain rate

Microstructural damage due to shearing, blanking, piercing
Overheating damage during spring winding

Laps and cracks due to shot peening

Stress-corrasion cracking due to use of improper die lubricants

Heat Treatment

Grain growth

Incompl ete phase transformation

Quench cracks

Decarburization

Untempered martensite

Temper embrittlement and similar embrittlement conditions
Inadequate precipitation

Sensitized microstructure

Inhomogeneities in microstructure

Loss of properties due to overheating during post-plating bake

Welding

Lack of fusion

Brittle cracking in heat-affected zone (HAZ)
Sensitized HAZ

Residual stress cracking

Slag inclusions

Cratering of fusion zone at endpoint

Filler metal contour out of specification

Hot cracking

Cracking at low exposure temperatures

Hydrogen embrittlement due to moisture contamination
Liquid metal embrittlement from plating contamination

Cleaning/Finishing

Corrosion due to inadequate cleaning prior to painting
Intergranular attack or hydrogen embrittlement due to acid cleaning
Hydrogen embrittlement due to plating

Stress corrosion from caustic autoclave core leaching of castings

Assembly at Factory/I nstallation at Site

Misalignment
Missing/wrong parts



Improper fit-up

Inappropriate fastening system, improper torque
Improper tools

Inappropriate modification

Inadequate surface preparation

I nspection Techniques

Arc burn due to magnetic particle inspection
Intergranular attack or embrittlement due to macroetch
Fatigue or quench crack from steel stamp mark

Example 4: Forming Process Anomalies in Diesel Fuel Injection Control Sleeve (Ref 28). A user complained of a diesel
engine that failed to start in cold weather. Troubleshooting isolated the problem to the diesel fuel control assembly, which
was changed out, fixing the problem. Teardown of the fuel control assembly by the manufacturer revealed that a small
subcomponent known as the cold start advance solenoid sleeve (Fig. 21) was leaking through the wall. The sleeve
operates under relatively high pressure cyclesin service. This component is atubular product with a“bulb” section at one
end and threads on the other. The manufacturing method used to create the bulb shape was hydroforming, using a 300
series stainless steel tube in the full-hard condition.

Fig. 21 Cold start advance solenoid sleeve. 0.85x

The leak was attributed to a crack in the sleeve (Fig. 22), in the radius between the bulb area and the cylindrical portion of
the sleeve. Scanning electron microscope examination of the broken-open crack revealed fatigue cracks initiated at
multiple sites near the outside diameter (OD) of the sleeve (Fig. 23). The crack origins were determined to be extending
from shallow (0.013 mm, or 0.0005 in.) zones exhibiting ductile shear (see area between arrows in Fig. 23). Viewing the
OD surface of the sleeve adjacent to the fracture plane revealed an extensive network of microcracks on the OD in the
radius between the bulb and cylindrical portions (Fig. 24). A cross section through one of the fatigue crack origins
revealed slip bands emanating from the microcracks (Fig. 25).
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Fig. 23 Fatigue cracking from the outside diameter (OD) of the Sleeve (large arrow). Area

100 prm



Fig. 24 Network of microcracks (arrows) on the outside diameter surface of the seeve
(lower portion of the micrograph).
BNL

Fig. 25 Microstructure of cross section through outside diameter surface of Seeve
adjacent to fracture. Fracture surface is along top of micrograph. Outside diameter
surface is along right side of the micrograph. Note slip banding (arrows) emanating from
microcrack. 116x

The analysis revealed that during the hydroforming process, heavy biaxial strains were imparted to the sleeve wall, in the
radius between the bulb and cylindrical portions of the sleeve. When combined with the heavy strains inherently present
in the full-hard 300 series stainless steel, the hydroforming strains in the radius caused the microcracking. The ductile
shear areas observed at the origins (see Fig. 23) are microcracks that served to intensify the cyclic service stresses,
resulting in fatigue cracks initiating and propagating from these flaws through the wall, causing the leak.

The physical root cause for this failure is a manufacturing process that omitted an intermediate stress relief or annealing
treatment prior to hydroforming to the final shape.

Some time later, a similar complaint was received at the factory for a nonstart condition in cold weather. The sleeve was
again identified to be leaking due to a through-wall crack. Analysis of the broken-open crack (Fig. 26) revealed fatigue
cracks initiated on the inside diameter (ID) of the sleeve. This time, the flaw that led to the failure was shallow
(approximately 0.005 mm, or 0.0002 in.) intergranular attack on the ID surfaces due to overly aggressive acid cleaning or
insufficient rinsing after the acid-cleaning operation. Examination of the OD surfaces revealed no microcracking or
evidence of localized strain. Thus a second manufacturing defect affecting the same component was identified through
failure analysis to have caused the identical complaint from the field.




Fig. 26 Multiple fatigue crack origins (arrows) initiating in a network of intergranular
attack on theinside diameter of the sleeve. 155x

Using the application-life diagram, the strong effects of minute surface anomalies in this fracture critical component is
clearly apparent (Fig. 27). As aresult of the severity of the pressure cycles in service, the seeve cannot tolerate surface
flaws.
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Fig. 27 Application-life diagram showing effects of manufacturing-caused surface
discontinuitieson servicelife

ServiceLife Anomalies

The life of a component or system is heavily dependent on the conditions under which the product operates in service.
The service life of a product includes its operation, maintenance, inspection, repair, and modification. Failures due to
anomalies in any one of these aspects of service life are unique from those created during the design, procurement of
materials, and manufacture of products, as described above. Examples of the types of root causes of failures that result
from unanticipated service conditions (Ref 30) are summarized in the following paragraphs.

Operation of the equipment outside of the manufacturer's design parameters would include an example such as a military
fighter aircraft in aturn that causes “g” forces that are outside of the operating envelope of the aircraft. Another example
is inlet-flow blockage on a high-performance air compressor resulting in excessive cyclic loads applied to the blades
causing blade (Fig. 28, 29) and drive shaft (Fig. 30) failures. Failure analysis revealed both the compressor rotor and the
shaft sustained fatigue failures.



Fig. 29 Compressor blade fracture surface showing fatigue origins on low pressure (i.e.,
right) side of blade, asindicated by the arrows. 13x



Fig. 30 Failed compressor rotor shaft. Fracture occurred at radius between large and
small diameters. Arrowsindicate some of fatigue origins. 1x

Careful fracture analysis revealed fatigue cracks initiated on the low-pressure side of the blades, which are in compression
during normal compressor operation. However, when the inlet flow is blocked, particularly when the blockage is only
partial, the blades sustain aternating tensile forces, one load cycle per revolution, on the low-pressure side of the blades,
resulting in the observed blade fractures. The shaft failed subsequently, due to the severe imbalance and rubbing caused
by the blade failures.

Exposure of the product or system to environments more aggressive than forethought would include examples such as:

Microbiologically influenced corrosion in a cooling-water system using river water in which the ecosystem has
changed

Organic chloride-containing environment exposing a titanium centrifuge bowl, resulting in stress-corrosion
cracking

Faulty sensor cable resulting in an overtemperature condition in a jet engine, which consumes the high-pressure
turbine blade life

Improper maintenance would include examples such as:

Installing a metallic fuel line onto the mating fitting by forcing the tube to align with the mating fitting. Adding
the installation stress to the normal cyclic stresses resultsin aleak due to fatigue cracking.

Weld repair of a materia that is sensitive to high heat cycles, causing brittle cracking and subsequent fatigue
failure

Misalignment of a bearing during rebuild, causing bending loads on the shaft and resulting failure by rotating
bending fatigue

Inappropriate Modifications. An example of this would be part-through drill holes in bicycle handlebar stem resulting in
fatigue initiation at holes and subsequent fracture (Fig. 31, 32).






Fig. 32 Multiple fatigue initiations at part-through drill holes in user-modified bicycle
handlebar stem. 3x

The application-life diagram is useful in exploring the effects of service-life anomalies on the lives of products. For the
compressor inlet blockage case described previoudly, the Fig. 33 depicts the significant loss of service life when the rotor
blades sustain the unintended cyclic stresses that occur during an inlet blockage event.
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Fig. 33 Application-life diagram showing effects of increasing the severity of the service
condition
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Charting Methodsfor RCA

Many tools exist to assist in performing RCA. The most important element, however, is the preservation of an open mind
by the investigator or investigating team. Preconceived ideas or the existence of an investigative bias often obstructs
effective root-cause investigations.

A visua representation of an RCA is more easily understood than a long narrative description. Many charting methods
have been developed that facilitate the logical organization of information as an aid in performing an RCA. Although
such techniques can be invaluable for completeness and logistical analysis, one must not inhibit creativity and an open
mind.

The following paragraphs outline a brief and somewhat simplified description of several common charting methods that
may be useful in performing an RCA.

A fault-tree analysis is a deductive analysis that identifies atop event, in this case afailure, and then evaluates all credible
ways in which this event could have occurred by identifying the interrelationships of basic events or conditions that |ead
to the failure. The tree is organized by identifying al event strings that lead to the top event and connecting them with a
“gate” that depictsthe logical relationship. Figure 34 depicts asimplified fault tree.
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Fig. 34 Simplified fault-tree example

Event and causal factor analysis charting is a very flexible tool that is very useful for performing alogical analysis of the
chronological sequence of events and causal factors. The construction starts with a basic timeline with the addition of
related conditions, secondary events, and presumptions.

To construct the chart, enclose events in rectangles and connect them in sequence from left to right using solid arrows.
The terminal event should be listed at the right-hand end within a circle. In ovals, list conditions, causal factors, and
contributing factors and show the relationship between events with dashed arrows.

Barriers may also be added to the chart to identify barriers that failed, allowing events to occur. A barrier can take many
formsincluding a physical barrier such as alocker door or a procedural barrier that was not properly implemented.

The basic elements of the event and causal factor chart (Fig. 35) are primary events, secondary events, and conditions.
Events make up the backbone of the chart, while conditions are circumstances pertinent to the situation. The goa of the
analysis is to identify the key equipment failures, process failures, or human errors that allowed the loss event to occur.
Oncethe chart islaid out, the causal factors are identified. These are identified as the factors that if eliminated would have
prevented the occurrence or lessened the severity of the loss event (Ref 35).
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Fig. 35 Simplified event and causal factor chart



Cause-and-Effect Analysis. Failures are always caused to happen. A cause-and-effect analysisis away to relate causes to
afailure in an attempt to find the root cause. Causes can be design problems, human performance, poor fabrication, and
so forth. A simple cause-and-effect analysis can take the form of a fishbone diagram (Fig. 36) that can be constructed as
follows:

1. Clearly describe the failure at the right side of the diagram.
2. ldentify the main cause categories as branches converging on the failure.
3. Brainstorm and list all causes on each branch.
4. Analyzethe datauntil the root cause(s) are identified (Ref 11).
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Fig. 36 Simplified fishbone diagram
Five Whys is a simple technique that is intended to lead the user into deeper levels of cause identification, thus leading
one further into root cause. The overall objective is to ask “why” after each cause has been identified until true root
causes are identified. There actually may be more or less than five “whys’ to reach the root-cause level desired (Ref 11).
The following example demonstrates this simple concept:

Event—Highway bridge failure

Why?—Corrosion damage on structural steel
Why?—Water collection

Why?—Debiris clogging drainage pipes

Why?—No maintenance performed to clean pipes
Why?—Maintenance funding reductions (root cause)
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Other Failure Analysis Tools



There are many other “tools’ that must be considered in performing a failure analysis. In addition to root-cause
techniques, tools available to the analyst include:

Review of all sources of input and information
Peopleinterviews

Laboratory investigations

Stress analysis

Fracture mechanics analysis

Sour ces of I nput

Physical data such as failed parts, samples of environmental influences, photographs, data collection records
(pressure, temperature, speed, etc.), and background data are an important part of the investigative process.
Forensic analysis of such parts and data is the backbone of any failure investigation. Some of the key elements
to an investigation include:

Physical evidence: Broken parts, samples, malfunctioned components, positions, configurations, and so
forth. The timely preservation, collection, and recording of physical evidence are essential to any
effective failure investigation. The preservation of evidence is done by restricting accessto afailure site,
preserving of configurations and positions, taking a photographic record of the as-found situation,
making sketches, recording of process variables (pressure, temperature, position, etc.), marking and
tagging pieces and positions.

Background data: Design data, specifications, technical data, analysis or ssmulation results, and so forth
People: Witnesses, operators, designers, maintenance personnel, participants, experts

People Interviews

Interviews can provide an essential source of information in any failure investigation. This information, if
solicited and documented properly, augments that collected by physical data or research. A very effective way
to collect information from people is through the interview process. There are three reasons one would collect
data through interviews:

Firsthand data (witnesses, participants, etc.)
Background and circumstantial data (historical experiences, related events, situational insights, etc.)
Expert information (to elicit technical knowledge)

It is essential that those having firsthand data be interviewed as soon as possible after the failure. Important
information can be corrupted by losing some of the subtle points over time or by the tendency to have one's
firsthand knowledge evolve when discussing the event with other individuals.

Some important points to consider when performing interviews include:

Explain why the interviews are being performed and maintain confidentiality when possible.

Interview individually or small groups when possible. Never interview somebody with one's supervisor
or manager present or in any other influencing or restricting environment.

Make the interview environment as comfortable and unintimidating as possible.

Ask open-ended questions and do not guide the responses.

Distinguish between firsthand and secondhand knowledge.

Solicit specific quantitative data, qualitative data, and opinions.

Get referrals to others who may have pertinent information and other sources of data.

Recognize biases and paradigms when interpreting answers.

Laboratory Investigations



After pertinent data and samples have been collected, alaboratory investigation is often needed to fully analyze
the physical evidence and to identify the failure mechanism. Good procedures in a laboratory begin with good
sample collections and handling.

In-Situ Sample Collection and Laboratory Receipt. When collecting samples for laboratory examination, it is a
good rule of thumb to collect failed parts, nearby fragments, and lubricant and fluid samples. Collect evidence
beyond what is apparent at the time of the initial assessment. Collect undamaged samples of similar
components for comparison to the damaged one. Draw diagrams to indicate the position of parts and sample
collection locations. Do not be afraid to take many photographs while photodocumenting the scene. Take shots
from every angle and always have a scalable object in the photo, preferably a ruled scale. Make in situ
markings of fluid levels or other positions that should be recorded prior to disturbing. Having the appropriate
documentation and collection tools at a failure site is important to be prepared for activities that may not be
anticipated prior to arrival.

Generally, samples should be collected in polyethylene jars or bags using protective gloves and appropriate
collection tools. Liquid samples should be collected in glass jars with Teflon-lined covers. Samples for
microbiological analysis should be collected in sterile containers and kept cool for prompt analysis. Surfaces
should be free from fingerprints or other sources of contamination. Protect samples, particularly delicate items
and fracture surfaces, from each other and from other sources of damage.

Tag or label samples in order to indicate when and why it was collected, how it was oriented, who removed it,
and what were relevant in situ observations. Generally, it is desirable to collect the largest reasonable sample
for laboratory examination prior to sectioning and removal of smaller samples.

Samples received in alaboratory can range from a large component that requires a high-capacity crane to move
to something that can only be seen under a microscope. After appropriate collection, receipt, handling, labeling,
and appropriate storage of the sample, it is essential to ensure that important evidence is not lost or altered.
Samples should always be kept in a dry, secure location and a storage record maintained. A materials safety
data sheet (MSDS) should be acquired, and appropriate storage requirement of hazardous material observed. An
experienced investigator will also anticipate the disposal of hazardous material after the investigation is
completed. For many such materials, disposal in the trash or down the drain is no longer an option. Specialists
must be called in to remove and dispose of the material.

Laboratory Analysis. Stepstaken in alaboratory after proper receipt may include:

Initial examination
Photodocumentation

Nondestructive examination
Materia verification

Fractographic examination
Metallurgical analysis

Mechanical properties determination
Analysis of evidence

Writing of areport

Handling of samples and laboratory techniques employed in a failure analysis are discussed in greater detail in
other sections of this Volume (see the article “The Failure Analysis Process. An Overview” for an
introduction).

Stress Analysis. Performance of a stress analysis is often a critical part of a structural failure anaysis. Stress-
analysis techniques are typicaly used to determine the state of stress as a result of external loadings or other
sources of stress such as thermal transients or applied accelerations. Available stress-analysis techniques
include hand calculations using theories of strength of materials, approximations derived from reference
sources, empiricaly derived sources and methods, and computerized techniques such as the finite-element
anaysis (FEA) method.

The FEA method is widely used as both a design tool and a failure analysis investigative tool. Finite-element
analysis can be applied to many areas useful in failure analysis, the most common being stress analysis, heat
transfer and fluid flow, and electromagnetic properties. Finite-element analysis is able to model complex
conditions and handle transient and nonlinear conditions that are typically too complex to perform using hand
calculations or other analytical approximations.



The use of FEA in afailure anaysisis different from its use in a product design capacity. In afailure analysis,
special attention is directed to the failure location. This area of the FEA model may have a finer meshing to
capture localized stress concentrations or other localized effects. Applied loadings should include actual |oad
histories that are associated with the failure, including events that are not associated with normal design
considerations. Thisisin contrast to an FEA model used for design that would be used to capture stresses in the
entire component as a result of loadings anticipated by design. The results of afailure analysis model would be
compared to failure criteria such as shear strength, yield strength, and so forth, or actual observed component
deformation. Design models would then be used to qualify the component against the applicable design criteria
such as would be published in a code or standard. (See the article “Finite Element Modeling in Failure
Analysis’ in this Volume for a more in-depth discussion regarding the use of FEA.)

Fracture M echanicsand Failure Analysis

Historically, the discipline of fracture mechanics was developed to understand the relationships among
cracklike imperfections, stresses, and crack tolerance for the purpose of fabricating durable structures. As
development of this body of knowledge continues, the usefulness of fracture mechanics in failure analysis has
been recognized and is appropriately applied as one of the tools for failure analysis (Ref 2, 37, 38).

An in-depth discussion of fracture mechanics as it relates to failure analysis is beyond the scope of this article;
more thorough treatment of this subject can be found in Fatigue and Fracture, Volume 19 of the ASM
Handbook, and in the references cited previoudly. It is instructive to note that the technique is useful in some
failure analyses. By performing careful measurements of relevant fracture features, incorporating known
material properties (such as tensile strength and fracture toughness), and analyzing the loads and mechanics of
the application, relationships can be developed to obtain an estimate of the loads and/or stresses that were
operating at the time of fracture or to determine that the material in fact did not have the assumed properties.
These can be compared with the loads or stresses either measured or calculated (Ref 37). Note that thisisonly a
very brief summary and an oversimplification of the process. Extreme care must be exercised in performing
such a fracture mechanics analysis, since there are uncertainties in failure analysis and in the stress-intensity-
factor solutions of the failed component. The results of the stress analysis and fracture mechanics analysis must
be consistent with the macroscale and microscale fractographic information and the microstructural
information.

When a failure occurs by a progressive form of fracture, such as fatigue or stress-corrosion cracking,
fractography can be performed to establish the fatigue striation spacing, or the crack arrest profile, across the
fracture surface (as is practicable). These data can be put into appropriate equations to estimate the stress-
intensity factors for either fatigue or stress-corrosion cracking, or, under some circumstances, both (Ref 2, 37,
38). Measured fatigue striation densities can be used in fracture mechanics calculations to determine either the
stress range or the stress-intensity factor range, when the actual cycle counts for a given length of crack
extension are known (Ref 2, 39). The usefulness of fracture mechanics as atool for failure analysis continues to
develop. One godl is to be able to reconstruct the size and growth rate of the crack over time and consider
guestions such as:

Was a detectable crack somehow missed during inspection?

Was the inspection interval appropriate?

Did arebuilding, overhaul, or other maintenance operation somehow contribute to the cracking?
Did achange in service conditions or operating parameters contribute to the cracking?
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Categoriesof Failure

There are many ways to categorize failures and material damage in terms of forms, mechanisms, or cause. No one system
is necessarily complete and consistent with the multitude of possibilities. However, categories can help prioritize or
identify avenues of investigation, aslong as the categories do not limit critical inquiry.

Categoriesof Material Stressors

To determine the cause of material failure, one must consider the active stressors. A stressor is an external influence that
can be a direct or indirect cause of failure. Understanding these influences is important for effective failure analysis and
determining root cause. Likewise, mitigation of the stressorsis often the most logical solution to reducing susceptibility to
failure. The influence of stressorsis heavily dependent on the susceptibility of the component, performance criteria, the
magnitude of the stressor, exposure, and the material susceptibility.

The six stressors are:

Mechanical: Applied static, dynamic or cyclic loads, pressure, impact, fabrication-induced residual stresses,
applied end movements

Chemical: Inadvertent acute or chronic exposure to an aggressive chemical environment, material compatibility
issues

Electrochemical: A susceptible metal in a corrosive agqueous environment

Thermal: Exposure to el evated temperatures resulting in materials degradation

Radiation: Ultraviolet lighting, sunlight, ionizing radiation from nuclear power plants, and so forth

Electrical: Applied electrical stress due to the presence of an electric field

Four Categoriesof Failures

The physical failure of materials can be placed in one of many categories depending on the classification system. The
following four categories are a convenient way to descriptively categorize and discuss failures, with the ultimate goal of
understanding causes and preventing failures (Ref 3):

Distortion or undesired deformation
Fracture

Corrosion

Wear

These four categories represent the general forms of failure, and each form of failure may have a variety of different
underlying mechanisms (e.g., fatigue crack propagation in the case of fracture or galvanic effectsin metal corrosion). It is
important to point out that two or more mechanisms can occur simultaneously in some failures. These failure categories
integrate with the four fundamental root causes of failures discussed in the section “Primary Physical Root Causes of
Failure” in this article. As presented in Table 4, each observed failure category can be associated with any one of the four
root causes.



Table4

Examples of root causesthat result in the four failuretypes

Failure Design deficiency Material defect Manufacturing defect Service life anomaly

type

Distortion | Insufficient section Cavity shrinkagein ahighly | Abusive thread rolling Exposure of an
thickness of atee stressed area of a complex causes heavy dip banding | aluminum aircraft
section resultsin structura casting used in a in titanium fastener, structureto
buckling under normal | gasturbine engineresultsin | resulting in localized excessively high
load. permanent deformation in stretching of the fastener | temperatures resultsin

service, and consequential upon torquing asrequired | permanent

loss of clearances between and an associated inability | deformation by creep
the rotor and the stator to adequately clamp joint. | and subsequent
housed by the casting. buckling.

Fracture | Cold-formed and Lap inforging, loaded Welding of alloy steel Inappropriate hole
galvanized carbon cyclically in service, grows | with moisture- drilling of aluminum
steel sheet sustains into afatigue crack and contaminated filler metal | structural bicycle
brittle fracture under subsequently fails wire results in hydrogen component by owner
normal serviceloads, | catastrophically. embrittlement and resultsin fatigue
due to strain-age consequentia brittle cracks initiating and
embrittlement. cracking in service. propagating in service,

ending in final failure
of the component.

Corrosion | Gray castiron Iron impuritiesin wrought 650 °C (1200 °F) stress- Increased usage of
underground pipes aluminum alloy suspension | relief treatment of a304L | road salt in wintertime
used to transport component for railroad car stainless steel formed and | in northeastern U.S.
hazardous materials create pitting susceptibility, | welded screen for pulp resultsin vehicle
sustain rupture dueto | resulting in loss of structural | processing sustained electrical problems,
dealloying, or integrity. intergranular corrosion, traced to corroded
“graphitization.” cracking, and failure. electrical contacts

Wear Incompatible wear Improper melting and hot- Poorly machined surface | Insufficient lubrication

coupleis specified in
the design of an
injection mold/ejector
pin assembly, resulting
in galling and seizure.

working processes lead to
poor distribution of primary
carbidesin tool stedl,
resulting in rapid tool wear.

of adliding machine
element leadsto
accelerated wear and
subsequent mechanical
malfunction.

during maintenance
resultsin premature
wearout of bearing on
pump shaft.

For any of these failure types, materials performance plays a critical role. Just as the performance of a component or
system is dependent on the behavior of the materials of construction under the service conditions, the manner in which a
component or system sustains a physical failure is strongly affected by materials performance. For example, corrosion
failures of dissimilar metals in physical contact in an aggressive environment are associated with the differences in the
electrochemical behavior as a result of the chemical compositions of the two metals. This illustrates that one of the most
basic tenets in materials science and engineering applies to failures: the interaction of the composition, processing,
structure, and properties defines materials performance (Fig. 37), whether satisfactory or unsatisfactory (Ref 40).
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Fig. 37 Materials performance as a result of the interactions among composition,
processing, structure, and properties. Source: Ref 40

Distortion. A distortion failure occurs when geometrical changes prevent a component from functioning properly such as
a swollen polymer bearing in a pump or bent linkage in atransmission. Geometry change will generaly be in the form of
volume changes (e.g., swelling or shrinkage) or shape changes (e.g., warping, bending, or buckling).

Common causes of volume-distortion failures include temperature-induced phase changes or thermal expansion in metals,
fluid absorption of nonmetallics, and curing shrinkage such as may occur in grouts and adhesives. Common causes of
geometry-induced failure include inadequate design, flexural stiffness under load, stress-induced material yielding (Fig.

38), and uneven heating while in service.

Fig. 38 Example of distortion in an overloaded valve stem

Fracture. A fracture is generally defined as material separation. There are many causes and forms of fracture including
brittle fracture (Fig. 39), ductile fracture, and many progressive cracking mechanisms that can lead to final fracture. An
understanding of the component design, service loading, environment, and the application of sound laboratory
investigative techniques such as interpretation of the fracture surfaces (fractographic examination) are essential to an
effective failure analysisin the case of component fracture.



Fig. 39 Example of a brittle fracture of A36 structural steel, after sustaining fatigue
crackinginitially (at arrows). Source: Ref 41

Material Behavior under Load. Understanding the behavior of materials under load is important to the understanding of
fracture modes. The macroscopic behavior of materials under loading is often characterized through tensile testing. It is
customary to measure load and elongation during these tests and to plot the results in the form of a stress-strain diagram.
Experimentally derived stress-strain diagrams can vary widely between different materials and are influenced greatly by
parameters such as the speed of the test and temperature of the specimen during the test. Figure 40 depicts typical stress-
strain diagrams. One curve is characteristic of mild steel, and the others are characteristic of other types of materials.
However, generally speaking, each materia has its own curve. Ductile materials are those that are capable of
withstanding relatively large strains prior to fracture as opposed to brittle material to which the converse applies.
Nonuniform and unstable transverse contraction referred to as necking in ductile materials indicates a severe overload. It
reduces the effective stressed area and results in a distinction between the true stress-strain curve and the engineering
stress-strain curve, which considers the original cross section when calculating the stress. A study in dislocation theory
further explains the plastic behavior of metals beyond the elastic stress range (Ref 42).



Brittta malerial

Dhictlle macarlsl

Strﬂssl [T —f

Some onganic malarials

Skamn g —
Fig. 40 Typical stress-strain diagrams. Sour ce: Ref 42

Fundamental Fracture Mechanisms. Figure 41 illustrates the three most common fracture mechanisms in metals. Ductile
fractures initiate with the nucleation, growth, and coalescence of microscopic voids that often begin at second phase
particles or inclusions. Although cleavage fracture is most commonly thought of as a brittle fracture that propagates along

crystallographic planes, it can also be preceded by a high degree of plasticity and ductile crack growth (Ref 43).
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Fig. 41 Three micromechanisms of fracture in metals. (a) Ductile fracture. (b) Cleavage
fracture. (c) Intergranular fracture. Source: Ref 43

Corrosion is the environmental degradation of materials. In metals, the most common type of corrosion is an
electrochemica phenomenon that occurs on the surface of susceptible metal or metal alloys when exposed to a corrosive
aqueous environment. Other forms of corrosion that do not involve electrochemical action include liquid metal
embrittlement, corrosion in molten salts, high-temperature oxidation, and so forth. The result of corrosive attack can take
the physical form of uniform surface wastage, local wastage, pitting, cracking, embrittlement, and so forth. The loss of
material can eventually lead to an overload failure or through-wall penetration. The buildup of oxide scale that has a
significantly increased volume when compared to the unoxidized metal can also be a problem by applying wedging load
in crevices. Mitigation of corrosive attack involves a change of materials, removal of the corrosive environment,
providing a surface barrier such as a coating, or providing cathodic protection. An example of piping system corrosion
due to the effects of microbiological activity is shown in Fig. 42.

Fig. 42 Microbiologically influenced corrosion in a cooling water piping system

Wear failures result from the removal or displacement of surface material through contact and relative motion with a
solid, liquid, or gas. There is a significant influence of friction and lubrication on the rate and severity of wear damage.
Wear generally resultsin loss of material and load-carrying capability, adhesion, increased friction, and debris generation.
Whether or not wear damage constitutes failure of a component depends on the performance criteria of the component,
such as in a failed diesel engine main bearing that sustained excessive wear and a subsequent loss of control of the
crankshaft radial movement (Fig. 43). Slight wear on metal valve seats may result in unacceptable leakage, while severe
wear in a less critical application may be anticipated and without consequence and thus be perfectly acceptable.
Controlled wear such as is the case with automotive brake pads may be part of the design criteria for a consumable
component. The generation of debris could also be a critical consideration if, for example, the contamination of an
ultrapure water system is at risk.




Fig. 43 Example of awear failurein a diesel engine bearing

Referencescited in this section
3. D.J. Wulpi, Understanding How Components Fail, 2nd ed., ASM International, 1999
40. M. Cohen, MIT Lecture, 1977
41. G.F. Vander Voort, Ductile and Brittle Fractures, Met. Eng. Quart., Vol 16 (No. 3), 1976, p 32-57
42. E. P. Popov, Introduction to Mechanics of Solids, Prentice-Hall, 1968, p 101-110

43. T.L. Anderson, Fracture Mechanics: Fundamentals and Applications, 2nd ed., CRC Press, 1995

Introduction to Failure Analysis and Prevention

James J. Scutti, Massachusetts Materials Research, Inc.; William J. McBrine, ALTRAN Corporation

Failure Prevention

Failure prevention begins with a state of mind in the specification, design, manufacture/fabrication, installation, operation,
and maintenance of any component. However, before failure prevention measures are taken, the degree of reliability
required in a specific situation must be determined.

There is a cost associated with failure prevention, and of course there is a cost associated with accepting failures. As
shown in Fig. 44, many times it may be reasonable to accept failures should the cost of reliability enhancement outweigh
the benefits. For example, the consequence of an aircraft structural failure is very high, thus demanding a high assurance
of reliability. In contrast, the failure of a screwdriver may be low cost, although certainly a nuisance.
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Fig. 44 Failure prevention effort prioritization

Building in reliability from the start is the most efficient way to achieve levels of reliability that will reduce or prevent
failures. First, develop a performance specification that establishes the criteria for acceptable performance, answering
critical questions. What are the important aspects of form, fit, and function? How long should it last? What are both the



expected and unexpected stressors? The element of life-cycle management becomes an important consideration as
previoudy described.

Failure Modes and Effects Analysis. Just as an effective failure analysis requires a multidisciplinary approach, so does an
effective fallure-resistant design. Designers, material scientists, engineers, fabricators, and quality-control specialists
contribute to failure modes and effects analysis (FMEA).

The FMEA procedure involves examining each item, considering how that item can fail, and then determining how that
failure will affect the operation of the entire component or system. The process of identifying possible component failure
modes and determining their effects on the system operation helps the analyst to develop a deeper understanding of the
relationships among the different system components and to make any necessary changes to either eliminate or mitigate
the possible undesirable effects of afailure. The steps involved in performing a FMEA, as identified by J. Bowles in the
article “Failure Modes and Effects Analysis’ in this Volume include:

Identify all item failure modes.

Determine the effect of the failure for each failure mode both locally and on the overall system being analyzed.
Classify the failure by its effects on the system operation and mission.

Determine the failure probability of occurrence.

Identify how the failure mode can be detected. (Thisis especialy important for fault-tolerant configurations.)
Identify any compensating provisions or design changes to mitigate the failure effects.

ok~ E

Activities that constitute the FMEA complement and add value at every stage of the devel opment cycle.

Applying Codes, Standards, and Regulations. The necessity to ensure interchangeability and compatibility of parts and
safety factors in design led to the initial development of codes, standards, and regulations. In general, “codes’ are
considered to be a collection of laws or regulations that are a result of legislation to control activities. The term standards
is often considered to be interchangeable with specifications. However, specifications are generally considered to refer to
amore specialized and specific situation. Standards may be categorized as.

Government regulations (i.e., requirement mandated by the government such as Occupational Safety and Health
Administration, or OSHA, regulations)

Government standards (federal specifications such as Military Specifications)

Consensus standards (e.g., ASTM and ANSI standards)

Technical society, trade association, and industry standards

Company standards (both the supplier and the purchaser company may have their own standards)

Standards of good practice

Standards of consumer expectation

These standards include mandatory standards such as those published by government agencies. An example of these are
those specified by the U.S. Code of Federa Regulation (CFR). Also, voluntary standards are often specified for
mandatory compliance by a manufacturer or buyer of a product. There are many codes and standards such as those
published by the American Society of Mechanical Engineers (ASME), the American Society for Testing and Materials
(ASTM), and the American National Standards Institute (ANSI) (Ref 44).

The ASME Boiler and Pressure Vessel (BPV) Code is an example of a code that evolved from the necessity to prevent
failures. Typical boiler operating pressures increased gradually from 206 kPa (30 psi) in the mid-19th century to more
than 1378 kPa (200 psi) by 1900 and were accompanied by a much more widespread use of steam power. Thisled to a
drastic increase in boiler explosions to arate of approximately one per day in the United States. The evolution of the code
resulted from the need to avoid increasing boiler failures as well as providing a basis for uniformity in the commercial
bidding process. Today the ASME BPV Code is widely adopted and specifies acceptable materials and designs as well as
fabrication, inspection, and repair methods (Ref 45).

Safety Factors and Reliability. An important element of design is the concept of a safety factor, which is typically a
driving influence in the development of failure prevention concepts in codes and standards. A safety factor is generaly
defined as the ratio of failure load to anticipated load, if the safety factor is applied to stress. However, it can aso be
applied to fracture toughness, ductility in forming, casting quality, or other failure criteriathat are established. Designing
and manufacturing a product to adequately perform its intended function is not sufficient. A safety factor must consider
an imperfect world, including manufacturing or construction tolerances, material variability, unanticipated stressors, and
the effects of aging. An example of such a practice is a code specifying allowable material stresses that are much less than
the strength of the material. The advent of modern materials and engineering design has reduced levels of uncertainty and
has allowed areduction of safety factors over the years. Selecting an appropriate safety factor for a given product includes
consideration of:

Degree of uncertainty about loading



Degree of uncertainty about material strength

Degree of uncertainty in relating applied loads to material strength
Consequences of failure in terms of human safety and economics
Cost of providing alarge safety factor

Recommended safety factors for a performance factor (e.g., yield strength or some other failure criterion) may start from
a low vaue of 1.25 to 1.5, where the materials are exceptionally reliable. That is, they are used under controlled
conditions with frequent maintenance and inspection and are subjected to loads and stresses that are determined with
certainty through testing of statistically significant material populations and/or analysis. Factors such as these are in most
cases used where low weight is a particularly important consideration.

More common safety factors are in the range of 3 to 4 or higher when the loads or materials are less certain. Higher safety
factors also apply in situations where repeated |oads are applied, impact forces exist, materials are brittle, or there is other
uncertainty. In the end, the appropriate safety factor is dictated by the applicable code or standard as well as situation
specific considerations (Ref 46).

The concept of reliability is closely related to the concept of safety factors, which often incorporate a statistical approach.
One must ask: if 1000 “identical” parts are put into service, what is the acceptable failure rate? The usefulness of a
reliability approach depends on having adequate information on the statistical distribution of loading applied to partsin
service as well as the statistical distribution of strength coming from production runs of manufactured parts. These
variables are used in various statistical models with predicted failure rates compared with those considered to be
acceptable (Ref 46).

Materias Selection. Design and material selection are fundamentally important in minimizing failures and hence ensuring
component reliability. Selecting the most appropriate material for an application is highly product dependent and situation
dependent. All functional requirements and environments must be considered in order to satisfy design requirements as
well as economic considerations. Significant engineering expertise is required to ensure the material selections are
appropriate for the intended function and service (including an understanding of the stressors) because trade-offs are
usually required.

One of the common considerations in selecting materials is determining the desired mechanical properties. For instance,
having a fracture-tolerant component is often an objective that can be achieved by selecting a material that is ductile and
flaw tolerant, reducing the likelihood of brittle fracture. The trade-off is that ductility is often achieved by sacrificing
overall strength, wear resistance, and resistance to deformation. In order to achieve ductility and maintain wear resistance,
one may select a surface treating process such as a case-hardening process. In metas, the properties that must be
considered to both ensure the desired function and reduce the likelihood of failuresinclude:

Tensile strength

Yield strength

Modulus of elasticity
Ductility (percent elongation)
Fatigue strength

Fracture toughness

Hardness

Shear strength

Machinability

Coefficient of friction

Impact strength

Corrosivity

Density

Coefficient of thermal expansion
Thermal conductivity
Electrical resigtivity

Other physical properties

In the typical application of polymers, there are often other material properties considerations with regard to both
performance and failure prevention such as:

Stiffness

Chemical, thermal, and ultraviolet resistance
Electrical resistance

Dimensional stability

Resistance to moisture absorption



There are also unique properties associated with other material such as composites and ceramics that must be considered
(Ref 47). A more complete treatment of the importance of materials selection in preventing failuresis found in the article
entitled “Materials Selection for Failure Prevention” in this VVolume.

Operation, Maintenance, and Inspection. Achieving the expected service life of a component or system (and consequently
preventing failures) requires diligence on the part of the user in operating and maintaining the component or system
within established bounds. This process begins, however, with the definition of appropriate operating conditions by the
manufacturer during product development and testing. The deliverable product that results from that development effort is
an instruction manual that is provided with the product. Information in the manual should include installation instructions,
recommended methods for activating, using, and shutting down the component or system, and maintenance
recommendations or requirements. Responsibility also lies with the manufacturer to anticipate misuse of a product and
adequately warn of the dangers and risks associated with such misuse (Ref 15). Warnings typically are communicated to
the user through both the instruction manual, labels prominently affixed to the product, or through public announcements
by the manufacturer or a government agency. Such warnings often distinguish risks of personal injury or death versus
risks of damaging the product. Design of the warnings also distinguishes hazards that are obvious versus hazards that are
not.

Proper maintenance of products is of paramount importance in realizing the expected service life. The user (or the actua
owner) is ultimately responsible for proper upkeep of components or systems. However, initialy, the responsibility also
lies with the manufacturer in developing an appropriate maintenance plan for the anticipated service conditions. Such
methodologies as reliability-centered maintenance can be employed to build maintenance plans that optimize
reguirements as appropriate for specific types of products in specific applications. Emphasis is placed on maintenance of
the components or systems with the greatest impact in the event of a failure (see the article “Reliability-Centered
Maintenance” in this Volume). Petrochemical and chemical-processing industries also use extensive methods for
predictive maintenance for prevention of corrosion failures (see the article “ Analysis and Prevention of Corrosion-Related
Failures’ in this Volume).

Maintenance plans could be as simple as periodic cleaning of, for example, a toaster. Conversely, the plan could be as
complex as a comprehensive product-management system involving rigidly defined inspections, servicing, replacements-
for-cause, and life-limited component changeouts required at various maintenance levels (that is, sites with specific
capabilities). For example, in some aircraft fleet maintenance plans three levels of maintenance are defined, with easily
accessible component replacements (including entire engines) allowed at the flight operations sites, partia teardown and
rebuilding of more complex components (including parts of engines) at intermediate maintenance sites, and full teardown
and rebuilding of all serviceable components (no matter how complex) at maintenance depots. The plan could also
include the updating of maintenance manuals, training of maintenance personnel, spare parts procurement,
implementation of maintenance directives, and so forth.

Maintenance and repair activities can be provided by:

The manufacturer, for specialized, complex, and critical systems or for low-volume products

An approved repair/overhaul company, an approach commonly used for aircraft, and other specialized, complex,
and critical systems of moderate to high volume

Independent repair providers, for less complex systems of high volume, as with automobile service stations

The end user, as with simple systems such as yard machines

These options are listed in the order of decreasing input from the manufacturer and hence control of the repair processes
used. Defining the appropriate service provider requirements can prevent failures and improve service life and reliability.
An important aspect of any maintenance plan for complex or critical products and systems is inspection. As shown
previously in Example 3, sound inspection is effective in failure prevention. In general, periodic inspection programs are
required for critical systems in which reducing the risk of safety or health issues is desired or required. Other conditions
under which inspection programs are implemented include situations where equipment downtime has excessively high
cost, such as in a paper mill and where output of a process creates a significant loss in the ability to meet demand, asin
the availability of electric power during peak usage.

Inspection programs identify degradation or loss of function of equipment and unanticipated service conditions. In safety
and health critical systems, federal regulations often require inspection programs. For example, periodic inspection (or
condition assessment) of pressure vessels, tanks, and piping that store or transport hazardous substances is required by
federal law under OSHA 1910.119. The inspections are typically performed by visual and nondestructive techniques,
documenting internal and external corrosion, corrosion under insulation, poor welds or joint failures that might leak,
inappropriate support, lining failures, and so forth, in accordance with the appropriate American Petroleum Institute (API)
and ASME codes. Other U.S. government-required inspection programs include aircraft (Federal Aviation
Administration, or FAA), transportation of hazardous substances (Department of Transportation), and the manufacture of
pharmaceutical products (Food and Drug Administration, or FDA).



Incorporating Lessons Learned. A proper failure analysis and root-causal analysis can provide valuable information into
the entire design and production process of a product or system. The implementation of these analyses alone, however,
does not ensure that benefit is gained. These results must be communicated into corrective-action recommendations that
are routed back to the proper stage of the product life cycle. Implementation of these actions and final verification of these
actions should be performed in order to ensure that the desired outcome is obtained in terms of failure prevention.
Organizing a multidisciplinary lessons-learned meeting to discuss the outcome of the failure analysis is important from a
learning perspective and to ensure proper communications (Fig. 45), particularly in a large company with many
departmentsinvolved in the evolution of a product (Ref 48).
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Fig. 45 Feedback of afailure analysisto product evolution. Source: Ref 48

Implementing Corrective Actions. Having completed the failure analysis process and identified the root causes, the next
step in preventing future failures involves developing, verifying, and implementing a corrective-action plan. In general,
corrective-action plans involve one or more of the three general types of plans: short-term, mid-term, and long-term.
Short-term corrective-action plans involve simple tasks selected to minimize the impact on the operation of the machine
or system, such as:

Repair the inoperative machine or system to get it back up and running
Identify and manage the suspect population

Modify the service conditions (make less severe, if possible)

I ssue warnings to other users/maintainers

While these actions may serve to enable continued operation of the machine or system, the amount of service time gained
isusualy limited. Therefore, mid-term corrective actions can be devel oped:

Implement field repair
Modify design and retrofit in field, at repair facilities, or at the factory

Preventing the failure from recurring in the long run involves implementing long-term “fixes’:

Redesign
Implementation of redesign by attrition or retrofit



Standardizing Corrective Actions. Preventing recurrence of failures may require the corrective actions developed through
the root-cause failure analysis to be implemented on a much broader basis than for the failed product aone. If similar
products are in service that could present risk of failure, those products should be included in the population affected by
the corrective actions.

Some corrective actions are standardized internally by the manufacturer, incorporating the actions into division- or
corporate-wide standards, such as design guides. Industry associations often step in to standardize corrective actions and
lessons learned, in such organizations as ASME in the Boiler and Pressure Vessel Code and the Bridge Welding Code, the
APl for piping, tanks, and storage vessel inspection programs, the American Welding Society (AWS) for welding
standards, the Society of Automotive Engineers (SAE) for fastener standards and material specifications, or the ANSI for
safety standards of a wide array of products. The standardization can also be government driven, such as by the FAA,
FDA, Consumer Product Safety Commission (CPSC), and so forth in the United States. Clearly, examining failures from
a broader perspective enables a much wider impact on preventing failures, through standardization across products,
markets, and industries.
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Materials Selection for Failure Prevention

Brett A. Miller, Stork Technimet, Inc.

Introduction

MATERIALS SELECTION is an important engineering function in both the design and failure analysis of components.
In design, materials selection can be a complex, iterative process that solves a particular set of engineering objectives for
agiven component. Materials selection is just one part of this overall design process, which may involve a complex set of
relationships regarding product function, shape, materials, and manufacturing process (Fig. 1, Ref 1). In the past,
engineering design was performed as a sequential procedure, with the material decisions made last, sometimes literally as
an afterthought. After the dimensions and property requirements were identified, the cheapest material meeting those
reguirements was sought. This philosophy may have been more justifiable when fewer material choices were available or
when less sophistication in design and processing was required. However, with the heightened awareness of efficient
design, optimized performance, economic competition, environmental impacts, safety concerns, and legal liability,
current methods of materials selection are viewed more and more as a simultaneous and integral procedure of the entire
design process, even during the early stages of design.

Fig. 1 Interrelated factorsinvolved in the design process. Source: Ref 1

Materials selection and design are also closely related to the objectives of failure analysis and prevention. These processes
are inextricably intertwined, probably to an extent that is not readily apparent to most engineers. Failure anaysis
augments the development process by rea-time identification of design inadequacies, providing opportunities for
optimization. Finding the root cause of a failure also often takes as much imagination as the original design concept. In
fact, failure analysis can be viewed as a figurative reassembly of the component in the original condition, or design in
reverse. For example, Fig. 2 is a diagram comparing the general procedures for both engineering design and failure
analysis. The basic philosophies of the two processes are reversed. Design is the process of synthesizing and analyzing
conditions into the reality of an actual or hypothetical component. In contrast, failure analysisis the dissection

of an actual component in order to synthesize and understand the significance of a hypothetical design in a given failure.
It is important to note that the analysis and synthesis of engineering factors are prominent in different areas of each
process, although the individual steps within the processes contain both.
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Fig. 2 General steps and theroles of synthesis and analysisin the processes of design and
failureanalysis

Materials selection augments and is supported by failure analysis in several ways. Of course, a basic objective of any
successful design is to prevent failure (which can be defined here in the general context of a part not being able to
perform its intended function). Therefore, failure analysts need to understand the underlying principles and practices of
design and materials selection as basic tools in failure prevention. However, failure analysts also recognize that the
synergistic effects of service conditions, manufacturing effects, and material characteristics are not always captured
within the axioms and discrete attributes of a design process. Therefore, the analysis of failed parts can provide important
insights for metallurgists and other engineers involved with design in general and materials selection in particular.

Design also sometimes can be an emulative process, whereby a successful design is adapted for a similar but separate
service condition. Emulative design assumes that the new intended service is analogous, that the materials and processing
are the same, and that the knowledge of the prior design is complete. Using prior design as a pattern involves implicit and
possibly unappreciated assumptions, which may not account for the synergistic effects of service conditions,
manufacturing effects, and material characteristics. It is easy to imagine, for example, that one structural member in an
assembly may appear to be sufficiently strong when, in actuality, its portion of the load may have been displaced and
accommodated by the overdesigned, surrounding structure.

This article briefly reviews the general aspects of materials selection as a concern in both proactive failure prevention
during design and as a possible root cause of failed parts. This article cannot detail the many particulars of materials
selection, because every industry or component application has many specific requirements, guidelines, or procedures,
some of which may be mandated by federal or state statute. Therefore, coverage is more conceptua with general
discussions on the following topics:

Design and failure prevention

Materials selection in design

Materials selection for failure prevention
Materials selection and failure analysis

Because materials selection is just one part of the design process, the overall concept of design is discussed first in the
section “Design and Failure Prevention.” The next section, “Materials Selection in Design,” then describes the role of the
materials engineer in the design and materials selection process. The other sections of this article focus on the significance
of materials selection in both the prevention and analysis of failures. Portions of this article contain adapted content from
Materials Selection and Design, Volume 20, ASM Handbook, with citation to more detailed references on materials
selection.
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Materials Selection for Failure Prevention

Brett A. Miller, Stork Technimet, Inc.

Design and Failure Prevention

The basis of al engineering is design, and the terms are often used synonymously. The primary objective of design isto
develop a useful component or structure that performs an intended function in as safe a manner as possible. Therefore, the
prevention of failure (generally defined here as any loss of intended function) is a principal concern of any design
process. Simply restated, the primary measure of a successful design processis foreseeing and avoiding failure.

Design generally requires specific engineering expertise and is performed by a wide variety of engineering disciplines,
such as:

Civil engineers design large structural forms, such as bridges, highways, buildings, and power-generation and
water supply facilities. Codes and standards regulate many of the materials and design features of these
structures, due to safety concerns. Civil engineering designs typically use reliable and economical materials that
are not particularly exotic.

Mechanical engineers design a wide variety of components, such as pressure vessels, vehicles, and machinery of
al types. These designs often contain moving parts and use materials with highly specific performance
requirements. Materials selection can include al materials and processes. Many codes and standards are also
applicable to mechanical engineering designs. Mechanical engineering encompasses such a broad range of
equipment that designers generally have expertise in specific functions or types of component.

Chemica engineers typically use materials in various chemical- and petrochemical-processing industries with
design requirements involving corrosion resistance and el evated-temperature service.

Many other engineering disciplines also have unique and specia requirements for design and materials selection. In
electrical engineering design, for example, the physical property requirements (e.g., magnetic, electrical, electronic, or
thermal properties) typically supersede the mechanical property requirements. Other design disciplines include industrial,
automotive, welding, mining, aerospace, nuclear, and computer engineering.

Each type of engineering discipline requires specialized design expertise that is beyond the scope of this article. However,
the general process of engineering design can be described as an iterative procedure that can be roughly divided into two
basic stages (Fig. 3, Ref 1):

A conceptual design stage involving the definition of product specification (or functions) and the underlying
physical concept and preliminary layout to achieve the intended functions

A detailed design stage involving both the qualitative definition of part configuration and the quantitative analysis
of design parameters (e.g., dimensions, tolerances, materials properties, etc.) to achieve a final layout for a
product, assembly, or system
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Asshown in Fig. 3, iteration is a key feature for any step in the design process. In fact, engineering design can be thought
of as a process of guided iteration (Ref 2), which is a problem-solving methodology that formulates a problem, generates
alternative solutions, evaluates the alternatives, and redesigns from the evaluation results if they are unacceptable. This
methodology is fundamental to design processes. It is repeated hundreds or thousands of times during a complicated
product design. It is used again and again in recursive fashion for the conceptual stage to select materials and processes,
to configure parts, and to assign numerical values to dimensions and tolerances (i.e., parametric or parameter design).
Designers and materials engineers are key participants in thisiterative process, and failure analysts also need to appreciate
and understand the roles and activities of the design process. This provides the basis to identify possible technical root
causes of failures and to advise or recommend further design iterations either on a proactive basis or as a lesson learned.
Therefore, the basic steps or stages of engineering design are briefly described in the following sections, beginning with
the stage of conceptual design and ending with a brief overview on methods of risk assessment in design. The main focus
is on the design of part, as opposed to the design of a system or assembly. Systems or assemblies may have many
components that involve parameters beyond the typical dimensions, tolerances, and properties of a distinct part. For
example, when a system involves human interaction, the design process must address the influence of human factors. This
includes not only human factors in equipment design but also a wide range of activities that can include operational
methods and procedures, testing and evaluating these methods and procedures, job design, development of job aids and
training materials, and selection and training of people (Ref 3).

Conceptual Design

The first stage of design is to determine the physical concept by which the product will function. This includes the
physical principles by which the product will work and an abstract physical model that will employ the principles to
accomplish the desired functionality. For example, suppose the required function is simply to support aload over an open
space. In this case, the physical model could be a beam of uniform cross section or truss. In addition, thereis not usually a
unique solution for implementing a physical concept, although a concept and its function are inextricably linked.

When a product is more complex, it consists of an assembly of subassemblies and parts. In this case, the physical concept
of the system or assembly must be “decomposed” into a set of principal functional subassemblies. For example, an
automobile is a set of subassemblies identified as the engine, drivetrain, frame, body, suspension system, and steering
system. The physical principles thus require sufficient information about how each of these functional subassemblies will
interact with all of the others to accomplish the required product functions. The term “decomposition” is generally used to



describe the part of the design process that identifies the subassemblies comprising a product or larger assembly. That is,
in the conceptual design of an automobile, it could be decomposed into the engine, drivetrain, frame, and so forth.
Decomposition in Conceptual Design. Two basic methods of decomposition are used in conceptual design: physical
decomposition and functional decomposition. Many design concepts are based on the method of physical decomposition,
when existing or emulative designs are used with an implicit functionality. For example, the decomposition of an
automobile into engine, drivetrain, frame, body, and so on is an example of physical decomposition. This method is
common, but the method of functional decomposition also has benefits. In functional decomposition, the design concept
is defined purely in terms of functions, with physical embodiments (or configurations) selected to fulfill the functions. In
an automobile, for example, the function of the engine is to convert a source of on-board energy to rotational mechanical
power. This function could be achieved with the usual internal combustion engine, but it could also be provided by an
electric motor, a turbine powered by compressed gas, human-powered pedals, and many other alternatives. In the case of
an automobile, the available aternative sources of power are very familiar. In a new, less-familiar product, however, the
advantage of function-first decomposition is that it stimulates designers to consider many ways of fulfilling a given
function instead of choosing the most common embodiment that comes to mind.

The whole purpose of decomposition is to provide a systematic description of parts that make up a system or assembly.
For an initial concept, it is usually sufficient to perform only one level of functional or physical decomposition, but all
subassemblies thus created will ultimately, as a part of their own conceptual design, be decomposed again and again. For
example, alawn mower engine may be decomposed into, among other things, an engine block and a carburetor. Then, in
turn, the carburetor may be decomposed into, among other things, a float and a cover. Thus, the process of conceptual
decomposition repeats (or recurs) until no new subassemblies are created, that is, until only parts or standard components
are obtained. Physical decomposition and functional decomposition are not always mutually exclusive; they also can be
used simultaneously in adesign.

Conceptual Design of a Part. When the process of conceptual decomposition is completed and a list of parts is obtained,
then the next step is conceptual design for each individual part. Conceptual design of a part involves the following steps
(Ref 4):

Determining whether the part is really necessary
Identifying the required functions of the part
Selecting the material and a manufacturing process for production

Definition of part function is the essential objective of conceptual design, and examples of common part type or features
are listed in Table 1 for various functions. Some parts may have more than one function, and often parts have special
features to enhance manufacturing or reduce material costs. Examples of these are described in Table 2. For economic
reasons, the process of conceptual design may also address the possibility of eliminating a part or combining functions,
because one complex part may be less expensive overall than two or more simpler parts. This step may involve
consideration of materials and manufacturing costs and economics, but the reference book by Boothroyd and Dewhurst
(Ref 5) provides one relatively easy method for determining whether a proposed part should be assembled from separate
components.

Tablel Functionsserved by parts

Function Examples of part types or features

Transmit or support force(s) or torque(s) Brackets, beams, struts, columns, bolts, springs, bosses, knobs

Levers, whedls, rollers, handles

Parts that fasten, hold, or clamp, such as bolts, screws, nails

Transmit or convert energy

Heat Heat fins, electric resistance heating elements
Mechanical power Shafts, connecting rods, gears
Electricity Wires, lightbulb elements, resistors
Provide a barrier (for example: reflect, cover, enclose, or protect)
Light Walls, plugs, caps
Heat Thermal insulators, thermal reflecting surfaces
Electricity Electrical insulators, magnetic shields
Sound Walls, sound-absorbing wall surfaces
Control motion Cams, grooves, slots, gears

Allow passage (of light, rods, shafts, wires, pipes, etc.) | Holes, windows, grooves

Control or regulate the passage of

Fluids | Nozzles, orifices, pipes, ducts




Function Examples of part types or features
Light Shutters, wheels
Indicate Clock hands, instrument needles, colors, embossing
Locate or guide Grooves, holes, bosses, tabs, slots
Source: Ref 4

Table 2 Special features designed into parts to aid manufacturing or to reduce material
cost

Function Examples of part features

Aid manufacturing Fillets, gussets, ribs, ots, holes

Add strength or rigidity (e.g., stiffen) Ribs, fillets, gussets, rods

Reduce material use Windows or holes through walls, ribs that allow thinner
walls, slots

Provide a connection or contiguity (so the part can be a | Walls, rods, ribs, gussets, tubes

single part)

Source: Ref 4

The process of conceptual design may also involve at least a preliminary decision on a material and manufacturing
process to be employed. A physical concept of the materials and manufacturing process is generally required here,
because most designs can never proceed very far without this information. In a more detailed approach to engineering
design, Dixon and Poli (Ref 2) suggest afour-level approach to materials selection:

Level I: Based on critical properties, determine whether the part will be made from metal, plastic, ceramic, or
composite.

Level 1I: Determine whether metal parts will be produced by a deformation process (wrought) or a casting
process; for plastics, determine whether they will be thermoplastic or thermosetting polymers.

Level I11: Narrow options to a broad category of material. Metals can be subdivided into categories such as
carbon steel, stainless steel, and copper aloys. Plastics can be subdivided into specific classes of thermoplastics
and thermosets, such as polycarbonates and polyesters.

Level 1V: Select a specific material according to a specific grade or specification.

In this approach, materials and process selection is a progressive process of narrowing from a large universe of
possibilities to a specific materials and process selection. Level | and level 11 often may suffice for conceptual design,
while leve 11 is needed for embodiment (configuration) design and sometimes for conceptual design. Level IV usually
can be postponed until detail (parametric) design.

The four levels of materials selection in the previous list are just a starting point in narrowing options, because the process
of materials selection requires the evaluation of many factors, as briefly summarized in more detail in the section
“Materials Selection in Design” in this article. However, the key point is that materials selection is an up-front concern
with important consequences for processing, product design, cost, availability, recyclability, and performance of the final
product. Thisiswhy materials and processes selection can be a critical issue in the early stages of design. Moreover, the
proliferation of new and specialized engineering materials has changed the complexion of design to the point that no
engineer in a design capacity is conversant in al families of potential materials that can be used. The more critical an
application is, the more important the materials selection becomes. Specialized materials expertise is mandated by the
complexity of critical service, which very often includes extremes of temperature, stress, environment, or all three, asin
the case of jet engine components. The services of a materials engineer should be obtained to foresee the complex
material and property interactions and synergistic effects that may be attendant to a design. It isalogical conclusion that,
particularly for complex and critical engineering designs, a cross-functional approach is best. A materials engineer might
specify the materials and associated processes for an engine part but may not be able to design one. Similarly, a
mechanical engineer may design an engine part, but may not be able to determine the materials and processes necessary
for fabrication.

Integrated Product Development Teams. The integration of diverse engineering disciplines in design and materials
selection is important even in the conceptua design. One form of integrating engineering functions to optimize design is
the integrated product development (IPD) team concept. One of the strengths of the design team approach is that all
disciplines have input early in the process, while decisions are easily changed and inexpensive improvements can be
made. Cross-functional IPD teams are formed temporarily in many organizations for a particular product but are also
formed somewhat permanently in others for continuous design support.

The IPD approach has been shown to lead to better results faster. For example, the use of an IPD team approach can be
useful during configuration design (described subsequently), when designers may inadvertently create parts with
geometric features that place severe restrictions on the selection of manufacturing processes, with even less freedom




remaining for materials selection. Similarly, overly restrictive and independent selection of the material will limit the
manufacturing processes available. Thisis all the more reason to use IPD methods. However, until the IPD approach isin
more common use, an aternative approach, referred to as a materials-first approach, may be useful. The materials-first
approach depends on a thorough understanding of the service environment and advocates choices based on properties that
satisfy those performance needs (see the section “Materials Selection in Design” in this article).

Other Specialized Approaches and Tools. Many other specialized design team approaches have been developed to
evaluate design, primarily for critical systems where failure can be catastrophic. These methods include failure mode and
effects analysis, failure mode, effect, and criticality analysis, fault tree analysis, and fault hazard analysis. These
formalized methodologies use systematic evaluation and sophisticated computer programs to predict failure in
complicated designs and can be an invaluable aid in materials selection. The section “Risk Assessment in Design” briefly
reviews the use of risk and hazard analysisin design.

In addition to multifunctional design approaches, sophisticated design tools have been developed to assist in preventing
failures. Fracture mechanics is often used to create flaw-tolerant designs for critical applications. Finite-element analysis
(FEA) techniques have been implemented to dynamically evaluate the effects of material characteristics and geometry
changes. These tools also can be of great benefit during configuration design, parametric design, design validation, or
systematic investigation of a failed component. More details on these methods are discussed in other articles in this
Volume.

Configuration Design (Embodiment)

The first step in the detailed design stage of Fig. 3 is configuration design. After the preliminary steps of concept design
have been completed, the designers must define the features of the configuration. Ultimately, designers must determine
exact numerical values for the dimensions and tolerances of parts during parametric design. However, before this can be
done, designers need to define the general configuration of a part in terms of its physical arrangement and connectivity.
Configuration design is a qualitative (i.e., nonnumerical) process that defines the general features of a part in terms of
functiona interactions with other parts or its surrounding environment. These interactions include forces (loads and
available support areas), energy or materia flows, and physical matings or other spatial requirements (e.g., certain spaces
may be unavailable to the part). The types of dimensional features that are defined during configuration design may
include (Ref 4):

Walls of various kinds, such as flat, curved, and so forth

Add-ons to walls, such as holes, bosses, notches, grooves, ribs, and so forth
Solid elements, such asrods, cubes, tubes, spheres, and so forth
Intersections among the walls, add-ons, and solid elements

Usually, there are several—and sometimes many—ways to configure a part, and the best approach is generating,
evaluating, and modifying a number of alternatives. A three-dimensional sketch that shows these interactions to
approximate scale is generally a very helpful starting point of configuration design. The sketch shows the essential
surroundings of the part and locates loads, possible support points or areas, heat or other energy flows, adjacent parts,
forbidden spaces, and so on.

Configuration designs and the various alternatives need to be evaluated before numerical dimensions and tolerances are
established. As described in Ref 4, this evaluation process can be guided by qualitative physical reasoning about the
functionality of the part configuration and manufacturing. Even when actual dimensions have not been determined in the
configuration stage of part design (i.e., when sizes and spatial relationships of the features are till only approximate),
knowledge of physical principles and manufacturing processes can still be applied to help create the most effective
aternative designs for further evaluation. General physical reasoning involved in the generation of part configuration and
manufacturing alternativesis discussed in more detail in Ref 1, 2 and 4.

In addition to qualitative physical reasoning about functionality, effective part configurations also are strongly influenced
by manufacturing issues and materials selection. At this point in the part design process, it is necessary to decide on a
manufacturing process and at least a class of materials (e.g., aluminum, thermoplastic, steel). However, unless the
information is needed for evaluation of the configurations, selection of the exact materia (e.g., the particular aluminum
aloy or thermoplastic resin) may be postponed until the parametric stage. Consultation with materials and manufacturing
experts is, of course, strongly advised, and other factors, such as recycling concerns and existing business relationships,
also may be relevant.

Finally, once the set of the most practical part configurations has been generated, a more formal evaluation should be
performed. The evaluation can be done by Pugh's method (Ref 6) or by other methods presented in Ref 4. In any method,
the comparison criteria for aternative configurations should include the following:



Functionality: Can exact dimensions and tolerances be imposed that will enable the part to perform its function
properly and reliably?

Use of materials: When dimensions are imposed, will the configuration provide for efficient use of al the
required material?

Mechanical failure: When dimensions are imposed, can the risks of failure from mechanical causes, such as
fatigue, excessive stress, buckling, and so forth, be made suitably low?

Analyzability: Does the configuration enable analyses to be performed for stresses, vibrations, heat flow, and so
forth?

Manufacturability: Can the selected manufacturing process hold the tolerances that will be needed for the
configuration to meet the required functionality? Does the configuration allow for ease of handling and insertion
for assembly? Are there special issues that will influence the time required for tooling and production?

Parametric Design and Analysis

Conceptual and configuration designs are based primarily on qualitative reasoning about physical principles and
manufacturing processes. In parametric design, however, numerical computations become much more important. The
attributes of partsidentified at the configuration stage become the design variables, which must be identified and analyzed
during the step of parametric design.

Evaluation in parametric design requires computation of performance parameters as well as selection and implementation
of amethod for evaluating the overall quality of the trial design. During parametric design, the design or process engineer
seeks to optimize performance by:

Identifying design variables and their allowable range

Identifying performance parameters whose values will be computed or measured to evaluate the performance of
trial designs

I dentifying the analysis methods that will be used to compute values for the evaluation

Often, parametric design values and procedures are governed by design codes, standards, or test methods. These may be
specific to a particular discipline, industry, or class of material. In addition, design tools such as fracture mechanics and
FEA can be used to analyze designs and evaluate the effects of material characteristics and geometry changes. These tools
also can be of great benefit during configuration design, parametric design, and design validation.

Risk Assessment in Design

All designs balance expected benefits against potential risks. Therefore, the notion of explicitly looking for technical and
manufacturing risks in adesign is useful. Theideaisto look for any previously unquestioned assumptions that have been
made while generating the configuration and while doing the evaluations—that is, to look for issues that may so far have
been overlooked.

Risk cannot be avoided completely, even for very conservative designs. Indeed, good designs will have some reasonable
risk or they will be too conservative, too costly, too heavy, and so on. However, designers cannot count on good luck;
there are many more ways for a design to fail than there are for it to succeed. Thus, risks must be sought out, faced, and
evaluated. Table 3 lists questions intended to reveal risks related to part configurations.

Table3 Questionsfor revealing part configuration design risks

Factor | Questions

What arethemost likely waysthe part might fail in service?

Excessive stress Can the part be dimensioned to keep stresses below yield failure levels? Add ribs? Use stronger
material ?

Fatigue If there will be cyclic loads, can the configuration be dimensioned so asto keep the internal
stresses below the fatigue limit?

Stress Can the part be dimensioned to keep local stress concentrations low?

concentrations

Buckling If buckling is a possihility, can the configuration be dimensioned to prevent it?

Unexpected shocks | What unexpected dynamic loads might be encountered in service or in assembly? Can these be

or loads handled by the configuration?

What arethe most likely ways the part might not meet its expected functionality?

Tolerances | Is the configuration such that functionality will be especially sensitive to the actual tolerances that




Factor Questions

can be expected in a production situation? Are too many special (tight) tolerances required to make
the part work well?

Creep If creepisapossibility, will it result in loss of functionality?

Strain and If functional performance is sensitive to retention of size and shape, can the configuration be

deformation dimensioned to preserve the required integrity?

Thermal Might thermal expansion or contraction cause the configuration to deform so that function will be

deformations impaired?

Handling and Might there be unforeseen difficulties with handling and assembly?

assembly

Dimensions Might the part end up being dimensioned so that assumptions about assembleability become
invalid?

Tangling Might the parts tangle if dimensioned in some way?

Will the available production machines be ableto make the part?

Production runs Are the desired production runs consistent with the machines and expected costs?

Tooling wear Istooling wear or maintenance a possible problem that will impact part cost or performance?

Weld lines® If the processis aflow process, can weld lines be located appropriately?

Other design and materialsfactors

Geometric Isthe part geometrically compatible with its adjoining parts? What could go wrong is this regard?

compatibility If thereisasmall changein this part, or in an adjoining part, can the configuration accommodate

the change without major redesign? What about the effects of tolerances of the adjoining parts? Or
on the assembly as awhole?

Materials Isthe material selected compatible with the configuration and the manufacturing process? Is
surface finish properly accounted for? Will standard raw material supplies be of adequate quality?
Has the material been thoroughly investigated for its use in this particular application? Are there
previous uses in similar applications? Have experts on the properties and processing of the material
been consulted? |s the material compatible with the rest of the product?

Designer and Has every possible, unfortunate, unlikely, unlucky, even stupid “Wheat if ...” situation been
design team considered? Are there aspects of the part design where the designer or design team isworking
knowledge without adequate knowledge? Where is the design based on insufficient knowledge of materials,

forces, flows, temperatures, environment, etc.? Where are there guesses, hopes, fears, and
assumptions instead of knowledge: Material s? Stresses? Fastening methods? Manufacturing
process? Tolerances? Costs? Adjoining parts? Environmental conditions?

(@) A weld line is formed when a materia flow must divide—say around a hole—and then rejoin. The weld lines tend to
be weaker and more subject to fatigue failures. Source: Ref 4

Risk and Hazard Analysis. One tool used in the evaluation of risk is the process of risk and hazard analysis, which helps
identify the level of risk and to pinpoint the parts of the system that represent the greatest risk for failure. If the analysisis
used properly, steps can be taken to eliminate the cause or reduce the risk to an acceptable minimum. Some hardware
systems approaching a “failure-freg” condition may be produced when actions are taken at all levels that are based on:

Attention to past experiences with similar systems

Availability of risk information for all project personnel

A sound, aggressive risk and hazard analysis during all design phases

Development of suitable corrective action and safety programs based on the analysis
A continuous and searching review of all phases of the program efforts

Rigorous applications of risk and hazard analysis have made difficult technologica feats, such as landing on the moon,
relatively accident-free.

The various analysis techniques of risk assessment have grown out of the search for system reliability. Consequently, the
approach is hardware-oriented, with the emphasis on ensuring that hardware is able to perform its intended function.
Backup systems and redundancies are also used to reduce such risks. Through cost/benefit analysis, the performance of
the system will have a computable value that can be compared to the cost of accomplishing the objectives desired for a
product or system.

Risk and hazard analysis tools have been devel oped to ensure system reliability in critical applications. With the increased
emphasis on safety, reliability, and achieving performance objectives, design teams must incorporate risk/hazard
considerations in their designs. Figure 4 (Ref 7) is aflow chart that shows the integration of risk and hazard analysis in
the overall design process. Even if designers or design managers are not directly responsible for carrying out these
analyses, they must be familiar with the methodology, so that they understand how they are carried out and how they can




respond in terms of design or system changes. Most efforts are best carried out during early design phases, and they can
be effectively used during design reviews to provide valuable feedback to the design to avoid failures. More information
on the principal methods of risk/hazard analysisis presented in Ref 7.
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Fig. 4 Flow chart showing the integration of risk and hazard analysis into the design
process. Source: Ref 7
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Materials Selection for Failure Prevention

Brett A. Miller, Stork Technimet, Inc.

Materials Selection in Design

One of the chief concerns of any design or engineering effort is materials selection. Materials selection is a process
whereby the function and desired final properties of a component are evaluated during all the various stages of design in
order to identify suitable materials of construction. During every stage of the design process (i.e., conceptual,
configuration, and parametric), some level of materials selection must be made in order to proceed with the design. This
is one reason why, as previously noted, integrated product development (1PD) teams have been used.

Moreover, the options in materials selection have proliferated. The number of materials currently available for designers
has grown, as shown by the timeline in Fig. 5 (Ref 8). This trend will probably continue, thus making the function of
materials selection more difficult than it was many years ago. The manufacturing processes available to designers have
also grown substantially. These are additional reasons why IPD teams are used, although perhaps on a limited or
temporary basis.
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Fig. 5 The evolution of engineering materials through history. PE, polyethylene; PMMA,
polymethylmethacrylate; PC, polycarbonate; PS, polystyrene; PP, polypropylene; CFRP,
carbon-fiber-reinforced plastic; GFRP, graphite-fiber-reinforced plastic; PSZ, partially
stabilized zirconia. Source: Ref 8



Until the IPD approach is in common use, and as an alternative to the traditional “materialslast” approach, another
method of materials selection is the “materials-first” approach. The materials-first approach depends on a thorough
understanding of the service environment and advocates choices based on properties that satisfy those performance needs.
After the component is envisioned, the environment is evaluated, and the constraints are applied, the design concept
(including preliminary selection of materials, processes, and product form) can be developed further during configuration
design. This materials-first approach involves the selection of a general class of materials during conceptual design and
further refines the alternatives through the iterative process of design. The selection process may involve a large set of
performance and property criteria, which must be refined and developed during design. However, there are four
elementary topics in materias selection that must be addressed during all stages of design. They are posed as simple
guestions:

What isit?

What is its environment?
What cannot it be?

What must it be?

These questions can be viewed as conceptual constraints or factors that influence materials selection in the stage of
conceptual design. Then, of course, more detailed materials selection criteria and properties are used during the stages of
configuration and parametric design.

The process of materials selection varies substantially for different purposes, because steps are typically amended to suit
specific applications, and this process is sometimes formalized to ensure all of the steps have been thoroughly performed.
This process is dynamic, because changes in design have to be considered in an ongoing fashion. Proper materials
selection is a dynamic function that must accompany al design activities while remaining sufficiently flexible to
accommodate inevitable engineering design changes. It is an aspect of design that is every bit as crucial as part
dimensions and geometry. Proper materials selection is necessary during new design and for the improvement of existing
designs that are found to be marginally or completely unsuitable.

Identification of the materials selection as a constant contributor to the design of a component also includes the necessity
of incorporating requisite materials information on engineering drawings. Because a complete part drawing is a metric for
establishing whether a fabricated component is acceptable, al pertinent characteristics must be identified. The specificity
of materials and processing information required for thorough identification on the engineering drawing is a function of
the complexity of the component. Newly created drawings are typically electronic computer-aided design constructs.
These drawings require less storage space but can be as prone to human errors as the time-honored autographic drafting
methods.

Many companies cross-reference stand-alone materials specifications that contain much more detailed purchasing and
processing information than could be conveniently placed on the part drawings. This practice has an additional benefit in
that a large number of drawings using the same material can be upgraded simultaneously without having to revise each
drawing individually. With respect to materials and process information on drawings, some standardized symbols have
been created. The symbolsin current use include welding joint design and instructions, dimensional tolerances, and finish
symbols. These symbols provide a great amount of information without appearing as additional written process
descriptions and hence present information more clearly and effectively on drawings.

Materials Selection during Concept Design

At the concept level of design, materials and processes are considered rather broadly. The decision is to determine
whether each design concept will be made from metal, plastics, ceramic, composite, or wood and to narrow it to a group
of materials. The precision of property data needed is rather low. If an innovative choice of materia is to be made, it
should be done at the conceptual design step. Materials selection at this stage of design may use tools such as material
property charts or general performance indices (e.g., see the articles “Material Property Charts’ and “Performance
Indices’ in Materials Selection and Design Volume 20, ASM Handbook.)

The four fundamental questions of materials selection should also begin during the stage of conceptual design, where all
the functional physical conditions (including any major economic and nontechnical conditions) are imposed. Simply, the
component material is defined by what it is, by its intended environment, by what it cannot be, and by what it must do.
Often, these criteria, although oversimplified here, can be a good acid test in narrowing the possible alternatives of
material classes during conceptual design.

The Design Objective—What It Is. This objective is typically a simple component description before all of the
requirements are identified. The designer must ensure separation of what something is from what it does. In other words,
the physical embodiment (or configuration) may be related to the intended function, but other configurations may perform
the same function. It is relatively easy to lose sight of the very basic utility of a part or structure during design by



inadvertently insinuating arbitrary constraints. This objectivity may be confusing, but incorrect assumptions during design
conception can be difficult to surmount later.

The Design Environment—What Its Environment Is. A structure or component can be affected by a wide variety of
service environments that may include:

Temperature extremes
Temperature fluctuation
Alkalinity

Acidity

Pressure

Oxygen content
Flammability

Flame impingement
Humidity (wet/dry cycles)
Galvanic differences
Moisture

Liquid metal

Flow/flow rate

Erosion

Cavitation

Hydrogen content
Biological agents

This list shows many of the environmental factors that must be kept in mind during the design process, before any thought
is given to properties. When the service conditions are not adequately understood (as in the early days of the space
program), design can become a costly, iterative process requiring extensive trial-and-error bench testing.

The environment also must be evaluated prior to identifying necessary properties, because mechanical and physical
properties can be severely atered by environmental factors. Very specific environments are often considered, including
extremely corrosive high-temperature or high-pressure applications.

Design Constraints—What 1t Cannot Be. Design constraints are industry-specific or self-imposed restrictions on the
materials or processes that may be considered in the design process. These constraints come from a variety of sources.
Sometimes material constraints are applied by the end user, which may dictate exact materials and processes as a
contractual obligation.

Constraints can act as an aid in the design process, because they obviate the consideration of certain prohibited materials
or processes, narrowing down the possibilities. It must be kept in mind that in some cases, these constraints may not be
realistic or well advised. It is not unusual to encounter over-restrictive or seemingly arbitrary constraints. Constraints can
also be indirectly applied. If an entire assembly has a certain constraint, such as total weight, it can become rather
complicated to balance the necessary weights and properties of the individual components.

Cost Constraints. Financial constraints accompany each engineering design, except for unusual critical applications when
properties are far more important than relative material expense. Design choices can be severely limited by economic
factors, particularly in the manufacture of highly competitive consumer items. It is not unusual to be financially
constrained to using essentially the same material as the competition, especially in a marketplace without real or
perceived product differentiation.

Quantity Constraints. In the case of a single component or structure being designed, it will not be necessary to tool an
assembly line or create a manufacturing process capable of making them by the millions. Production of afew components
can sometimes be given more personal attention, permitting the inherent labor costs to be a higher percentage of the total
price. On the other hand, if alarge number of identical or similar items are to be produced, an assembly line approach is
mandated, with an accompanying reduction in the relative labor costs. The in-between cases are the most typical, hence
the rise of small, medium, and large job shops capable of sufficient flexibility to produce a variety of parts on a short-term
contract basis.

Size and Weight Constraints. The rough size and weight of a finished design must be approximated early in the design
process, because they may constrain the subsequent design options to a great extent. Maximum sizes and weights can
restrict the amount of margin that is possible.

Material Property and Processing Constraints. Many property constraints are placed on materials by the very nature of the
item being designed. Restrictions to manufacture can also be present as the willingness to use only those processes and
fabrication techniques for which the equipment is aready on hand. There are certainly financial advantages to be gained
by maximizing utilization of existing facility and equipment capabilities. For example, if a manufacturer has a captive
heat treatment department, they may be prone to exploring heat trestment as a preferred processing option. Complicated



and highly technical processing steps are usually best addressed by specialists. Many codes and specifications allow a
broad range of materials selections, whereas other codes are very specific and allow few substitutions.

What It Must Be. After the component is envisioned, the environment is evaluated, and the constraints are applied, the
design concept, including materials selection, can be developed. A large set of performance and property criteria may be
developed in order to define the function and surrounding conditions of a part. Primary and secondary criteria should also
be identified. Primary, or absolute, requirements are essential to proper service and cannot be subordinated, whereas
secondary reguirements are those where judicious compromises can be made. For example, life-cycle considerations
(such as recycling or environmental impact) may be a primary or secondary criterion, depending on the product
objectives.

Selection Criteria during Detailed Design

The stage of detailed design (Fig. 3) includes the embodiment or configuration level of design and parametric design.
During configuration design, the emphasis is on determining the shape and approximate size of a part using engineering
methods of analysis, which can be based on methods of qualitative physical reasoning. During parametric design,
quantitative methods are used to refine the design further.

Materials selection during configuration design requires the evaluation of a range of material (e.g., a range of carbon
steel, low-alloy steel, stainless steel, age-hardening aluminum alloys, etc.), its general product form (e.g., wrought, cast,
powder metallurgy, etc.), and the processing method (e.g., forged, die cast, injection molded, etc.). All of these factors
must be considered when the shape of a part is defined during configuration design. Material properties during
configuration design must also be known to a greater level of precision than in conceptual design, at least to allow
gualitative comparison of the alternatives for the possible choices of material type, product, and processing method.

At the detail or parametric design level, the materials selection is narrowed further to a specific grade of material and
manufacturing processes. Here, the emphasis will be on quantitative evaluation of alowable variations in material
properties, critical tolerances, and any other performance parameters of the design (including the best manufacturing
process using quality engineering and cost-modeling methodologies). Depending on the criticality of the part, material
properties may need to be known to a high level of precision, with quantitative evaluation of variations in properties or
performance. For example, anisotropic variations in the properties of worked products, or the effects of surface finish
after machining, are quantitative factors that must be considered during parametric design. At this extreme, the
development of adetailed property database or an extensive materials-testing program may be required.

Detailed evaluation of the size, shape, processing, fabrication, and material properties of an engineered part requires
communication between designers, materials or manufacturing engineers, quality assurance, and purchasing agents. It can
be a relatively simple or complex task, depending on the criteria for materials selection. Examples of materias
information required during detailed design are listed in Table 4 (Ref 9). It aso includes experience and application
history, such as falure analysis reports. During design, it is necessary to identify primary and secondary materials
selection criteria, and the following list contains a number of typical materials selection criteria that would be identified
during the creation of a new component (Ref 10):

Size

Shape

Weight

Strength

Wear resistance
Environmental resistance
Loading capabilities
Life expectancies
Fabricability
Quantity
Availability

Cost

Specifications
Recycling

Scrap value
Standardization
Safety



Table4 Examplesof materialsinformation required during detail design

Material identification

Material class (metal, plastic, ceramic composite)

Material subclass

Material industry designation

Material product form

Material condition designation (temper, heat treatment, etc.)

Material specification

Material dternative names

Material component designations (composite/assembly)

Material production history

Manufacturability strengths and limitations

Material composition(s)

Material condition (fabrication)

Material assembly technology

Constitutive eguations relating to properties

Material propertiesand test procedures

Density

Specific heat

Coefficient of thermal expansion

Thermal conductivity

Tensile strength

Yield strength

Elongation

Reduction of area

Moduli of elasticity

Stress-strain curve or eguation

Hardness

Fatigue strength (define test methods, load, and environment)

Temperature (cryogenic-elevated)

Tensile strength, yield strength

Creep rates, rupture life at elevated temperatures

Relaxation at elevated temperatures

Toughness

Damage tolerance (if applicable)

Fracture toughness (define test)

Fatigue crack growth rates (define environment, and |oad)

Temperature effects

Environmental stability

Compatihility data

General corrosion resistance

Stress-corrasion cracking resistance

Toxicity (at al stages of production and operation)

Recyclability/disposal

Material design properties

Tension

Compression

Shear

Bearing

Controlled strain fatigue life

Processability infor mation

Finishing characteristics

Weldability/joining technologies

Suitability for forging, extrusion, and rolling

Formability (finished product)




Castability

Repairability

Flammability

Joining technology applicable

Fusion

Adhesive bonding

Fasteners

Welding parameters

Finishing technology applicable

I mpregnation

Painting

Stability of color

Application history/experience

Successful uses

Unsuccessful uses

Applications to be avoided

Failure analysis reports

Maximum life service

Availability

Multisource? Vendors?

Sizes

Forms

Cost/cost factors

Raw material

Finished product or require added processing

Special finishing/protection

Special tooling/tooling costs

Quality control/assurance issues

Inspectability

Repair

Repeatability

Source: Ref 9

This list contains the most-used criteria for materials selection but is by no means exhaustive (as suggested by the
examples in Table 4). Selection criteria can vary as much as the items being designed. These concerns also are not
entirely independent, but they are described individually. It is logical to assume that complicated service requirements
will result in more stringent selection criteria. More restrictive selection criteria will invariably result in fewer materials
that will likely satisfy the design requirements. Even so, engineering materials selection is very rarely a question of a
single, suitable material. As in engineering design, materials selection can be an iterative process that compares
alternatives during both conceptual and detailed design.

Size Considerations. The size of a designed component can often dictate the form of the material to be used. Very large
parts may need to be fabricated from structural shapes, castings, or forgings. Welded fabrication may be necessitated.
Extremely small components may need to be created by powder metallurgy, metal injection molding, or other fine
forming techniques.

Shape Considerations. The shape and geometrical complexity of a component must also be considered in materias
selection. Intricate shapes may not fill during casting or may not be possible to form by other methods, such as extrusion
or forging. Many types of material forms are available, such as castings, forgings, extrusions, rolled shapes, wire and rod,
plate and sheet, and many hybrid forms. In considering shape during materials selection, it is aways best to match the
form to the function during configuration design. This practice reduces scrap and promotes the optimal use of material
with the desired properties.

Several material forms may be determined to be suitable, and additional factors must be assessed to determine the optimal
shape. In the most general sense, increasing complexity narrows the range of processes and increases cost. A cardinal rule
of design is, therefore, to keep the shape as ssimple as possible. This rule may, however, be broken if a more complex
shape allows consolidation of several parts and/or elimination of one or more manufacturing steps. Limitations on shape
are also imposed by properties of the material and by interactions with the production tooling. For example, minimum
wall or section thickness of the web form shown in Fig. 6 (Ref 11) is a function of manufacturing process and material.
Theaim is, generally, to produce a net shape part ready for assembly. If thisis not feasible, a near-net shape part that will
need only minor finishing, usually by machining, is desirable.
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Fig. 6 Example of minimum web thickness for different materials and manufacturing
processes. Source: Ref 11

Weight Considerations. There are very few applications of manufactured products where weight is not a consideration.
Material weight is of vital importance in aerospace and automotive applications, where incremental weight reduction can
be directly measurable in fuel savings and payload capacity. Strength-to-weight ratio, often called specific strength, is a
hybrid consideration typically used in vehicle design. Aside from vehicles, weight considerations are also important if the
materials are to be transported during manufacture or during service, or if the part moves during service, asin rotating or
reciprocating parts of an engine or machinery.

Material Properties. A list of many of the properties to be considered during materials selection is shown in Table 5. Each
primary or secondary property attribute must be carefully considered. Probably the most fundamental tenet of materials
science is that properties are a function of structure and structure is a function of processing. The properties can never be
considered separately from the processing, because processing decisions or steps can affect the nomina value and
variability of a property within the geometry of a part. For example, austenitic stainless steel bar can be processed to high
strength by drawing but can also be annealed to lower strength and improve ductility. Another example is the variability
of properties within the geometry of a part (i.e., anisotropy), depending on the nature of the manufacturing process.

Table5 Typical material propertiesused for selection

Tensile strength

Yield strength

Elongation

Compressive strength

Shear strength

Fatigue strength

Fracture toughness

Impact strength

Transition temperature

Modulus of elasticity




Wear resistance

Hardness

Lubricity

Density

Porosity

Melting point

Thermal stability

Thermal expansion

Thermal conductivity

Electrical conductivity

M agnetic characteristics

Galvanic character

Corrosion resistance

Optical characteristics

Fabrication characteristics

Welding characteristics

Finishing characteristics

Hardenability

Aesthetics

It is also important to understand relationships between the mechanical and physical properties. Some of the typical
material property relationships are illustrated in Fig. 7 (Ref 12). This diagram shows the general inverse relationships
between desirable and possibly undesirable characteristics. Each desired property will likely have attendant properties that
may not be desirable. Therefore, materials selection will always contain a level of educated compromise, similar to the
design processin its entirety.
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Fig. 7 General relationships of different mechanical behavior. Rigidity and strength are
generally inversely related to flexibility and ductility. Source: Ref 12

Wear Resistance is avery important property for all materials that come into repeated or non-stationary contact with other
materials. The three principal types of wear are adhesive wear, abrasive wear, and corrosive wear. Unfortunately, the
measure of wear resistance is problematic, because there are so many variables involved, including friction factors,
lubrication factors, surface finish, and so on. As a result, tables of comparative wear resistance, even ostensibly
employing the same standard testing methodology, have limited usefulness in materials selection. Optimal wear
properties are usually obtained by prototype testing in an actual intended-service situation.

Knowledge of Operating Environment. This portion of the materials selection differs dightly from the original
environmental constraints placed on the design during the conceptual stage. The environmental resistances and behaviors
of individual materials are of interest, although very often the conceptual design regquirements are the same as those for
the configuration of individual parts. However, during configuration design, the surrounding environment may involve
galvanic differences and potential deleterious interactions within a complex assembly or structure. Parametric design must
account for corrosion rates, material replacement rates, and other life factors.




Types of Loading. The type and magnitude of applied loading are crucial aspects of materials selection. While
considering potential materials with other requisite properties, the following general loading types must be addressed:

Constant, sustained loading
Cyclic, repetitive loading
Rapid, shock loading

Slow loading

Distributed loading
Concentrated loading
Variable loading

The load-carrying attributes of a material can be altered substantially through different types of processing. Any processes
that alter mechanical properties, such as heat treatment, rolling, welding, and grinding, can affect the load-bearing
characteristics by enhancing or reducing the resistance to specific loading types. Combinations of loading types make the
materials selection process more difficult.

Life Requirements. The life requirements influence the materials selection, because longer service duration can often
necessitate more sophisticated materials. Some components and assemblies are single use and do not require prolonged
capabilities. Many structures are intended to survive fifty or a hundred years before demolition and replacement. Short-
term design can often be of a disposable nature, whereas long-term design may permit substantial repair or refurbishment
during service.

Fabricability (Design for Manufacturing). Designing for effective and efficient manufacturing can be rather involved but
is important in cost-effective designs. Fabrication and manufacturing characteristics may be difficult to quantify, because
it may be a composite of many subjective measures, such as formability, machinability, and weldability. Every process
that is applied to a material must be evaluated to determine if the process and material are compatible. The first step may
be a qualitative comparison during conceptual or configuration design, based on compatibility charts such as the one in
Table 6. The necessary processing for a material also might be so cumbersome and costly, or impossible, that an
otherwise suitable material would be logically removed from consideration. Materials selections may impose additional
inspection, heat treatment, welding, machining, and finishing requirements during manufacture.



Table6 Compatibility between materials and manufacturing processes

Process Cast | Carbon | Alloy | Stainless | Aluminum | Copper | Zinc | Magnesium | Titanium | Nickel | Refractory | Thermoplastics | Ther moset
iron | sted steel | steel and and and and and and metals plastics
aluminum | copper | zinc | magnesium | titanium | nickel
alloys alloys | alloys | alloys alloys alloys
Casting/molding
Sand Caging . . . . . . — . — . — X X
Investment — . . . . . — — — . — X X
casting
Die casting X X X X . — . . X X X X X
Injection X X X X X X X X X X X J —
molding
Structural foam | X X X X X X X X X X X . X
molding
Blow molding | X X X X X X X X X X X . X
(extrusion)
Blow molding | X X X X X X X X X X X . X
(injection)
Rotational X X X X X X X X X X X . X
molding
Forging/bulk forming
Impact X . . — . . . — X X X X X
extrusion
Cold heading X . . . . . — — X — X X X
Closed die| X . . . . . X . . — — X X
forging
Pressng and | X . . . . . X . — . . X X
sintering (P/M)
Hot extrusion X . — — . . X . — — — X X
Rotary swaging | X . . . . — — . X . . X X
Machining
Machining from | o . . . . . . . — — — — —
stock
Electrochemical | . . . — — — — . . — X X
machining
Electrical X . . . . . — — — . — X X
discharge
machining

(EDM)




Wire EDM ESEE E . |— |— — | — E | X
Forming

Sheet metal | X . . . — — — X X X
forming

Thermoforming | X X X X X X X X . X
Metal spinning | X . . . . — — — X X




», normal practice; —, less-common practice; X, not applicable; P/M, powder metallurgy. Source: Ref 9

During parametric design, quantitative evaluation of tolerances, tooling, and production costs would be required. It is
often necessary to design the manufacturing tooling concurrently with the end product to be made on that tooling. Thisis
especially true for near-net shape processes such as molding, casting, and forging. Sometimes, the designed components
must be altered to permit manufacture; hence, the manufacturing functions need to be involved in the design from the
beginning.

Quantity Requirements. The quantity of a component to be designed may aso influence the material and processing
options that are feasible. The manufacture of high volumes of parts may necessitate mass-production methodol ogies. High
volumes may alow use of forming and production techniques that require expensive tooling and dies that would be
financially unfeasible when only a few parts are to be produced. These high-production methods can be very cost-
intensive, inflexible, and slow to become profitable. Lower quantities of components can often allow more individual
attention to the quality and characteristics of each produced part. Many production and processing methods are not
applicable to low quantities of parts.

Avalilability. Materials, as a result of their popularity and relative natural scarcity, may not always be available as
production may require. Even abundant materials in unusual forms can become difficult to procure. Design of long-term
projects or continuous production includes an implied assumption that the selected material will remain an obtainable and
economical choicein the future.

Lower quantities of material types, forms, and shapes can be below that level which mills will supply directly, and these
would need to be purchased from a service center or distributor. The uniqueness of the material may be problematic,
because small buyers cannot singly affect what mills will produce. Reduced demand from other manufacturers may make
desired materials no longer available.

Both raw material and alloying elements are not uniformly available. Foreign sources may be hostile or inconsistent, and
general availability may severely restrict supply. Special consideration must be given to using any base materials or
processing materials that may not have the requisite availability due to factors that cannot be controlled. These materials
are often called strategic materials, and they can become a great concern during wartime, when necessary materials may
become of short supply.

Cost. Determination of costs accompanying potential materials selections is not as straightforward as it may seem. In
many applications, the material cost was traditionally dictated by the cheapest material that was available that satisfied the
previously determined mechanical and physical property requirements. Modern design practices incorporate material and
processing costs almost as a property of that material, to be a direct comparison factor. Artificial constraints to using only
the subjectively least-expensive material available ignores additional potential benefits of more expensive materials, such
as reduced maintenance, longer life, and better reliability. Often a value-in-use approach is employed to better evaluate
the costs of potential materials. In this methodology, the additional benefits of better performance can be quantitatively
considered along with the basic material cost. In some instances, the additional processing costs for cheaper materials
may result in greater total expense than those materialsthat are traditionally more expensive.

The amount of total component or structure cost that is included in material and subsequent processing varies widely in
different industries. Large structures use great volumes of typicaly lower-cost engineering materials, resulting in the
material being arelatively low percentage of the overall project costs. Aerospace and electronic components are typically
smaller, speciaized items, where the material costs can be higher than the processing and installation costs. In extreme
cases, the cost is no object, within reason. The designer must be certain that the accompanying production costs,
mai ntenance costs, potential repair, and downtime costs are considered for prospective materials.

The costs of ordering and warehousing engineering materials are also a consideration. Depending on the amount of
material needed, there is likely an economic order quantity that best suits the production requirements and minimizes
material costs. This is aso a dynamic function, because materials and material forms have unpredictably mutable costs
and availability that can ater future purchasing requirements. In general, all costs regarding purchasing, receiving
inspection, and storage are reduced, on a per pound basis, by the purchase of large amounts.

Existing Specifications and Codes. In many industries, applicable standards provide materials prohibitions or
regquirements above those applicable as original design constraints. Standards can restrict material form, heat treatment,
welding, and other processing variables. Purchasing material grades and alloys to uniform, popular standards can result in
greater availability of materials, dueto a greater number of potential suppliers.

Standards can be industry consensus standards, domestic and foreign federal regulations, and customer-supplied
engineering specifications. Reliance on these codified requirements is often precarious, because they are sometimes vague
and can be interpreted in many ways. Many specifications still require producer and client agreement on crucial
processing variables. Some statutes (e.g., the Federal Child Safety Act) may aso mandate possible materials and a given
design procedure.

Feasibility of Recycling. The potential recycling of manufacturing and process scrap can be an important selection
parameter. The expense of a material may be easier to justify if al removed material may be recycled for remuneration
via return to the supplier rather than requiring landfill or hazardous material disposal expenditures. Identification of
recyclability or other end-of-life considerations as a primary or secondary selection attribute is well advised, even if the



remainder of the design is not part of a life-cycle design effort. This ability considers the ease of sorting and separation
and the fluctuating cost of recycled materials compared to newly extracted materials.

Scrap Vaue. The consideration of whether a designed component may be profitably scrapped at the end of its useful life
is an important part of materials selection. Reuse of nondegraded components or rework and refurbishment is often an
inexpensive alternative to new purchases.

Standardization of Designs. Standardization of materials selection within organizations that have extensive and
continuous design functions must be considered. It is possible to design identical components that will fit in multiple
assemblies. This practice of employing analogous designs and materials can prevent costly, redundant design projects or
“reinvention of the wheel.”

Safety. Perhaps the most important factor in design of a structure or component is safety. A design successfully reaching
the manufacturing stage is entirely dependent on critical review and scrutiny about whether the necessary safety factors
are satisfied.

Safety also must be included as a selection consideration during manufacture and processing. Materials and processes
exhibit potential safety concerns, such as toxicity, flammability, inhalation of fine particles, autoignition, and contact
hazards as well as long-term effects such as carcinogenic and pathogenic characteristics. Manufacturers are compelled to
make products safer, due to the ethical imperative and economic self-interest.

Regulatory bodies are continually assessing the potential health hazards of relatively newly developed materials. Thisis
due to the greater number of lesser-known and more rare metals and nonmetals that are being incorporated into
engineering design. The Occupational Safety and Health Administration (OSHA) and other federal regulatory bodies are
constantly collecting greater knowledge of potential health concerns regarding various materials, during both their
manufacture and service. Avoiding the use of materials or processes under scrutiny for health concerns would generally
be prudent.
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M aterials Selection for Failure Prevention

The use of inappropriate materials and processes accounts for a significant number of failed parts. Table 7, for example,
itemizes the general causes of failure, with the frequency of occurrence determined from a survey (Ref 13). In this survey,
materials selection is the most frequent cause of failure for engineered components. In the case of aircraft components,
however, the survey did not identify any failures caused by improper materials. This difference illustrates the important
point of how different design methods may influence the process of materials selection. In aerospace, for example, design
methods should involve more critical evaluations of material alternatives, because the hazards of failure can be severe.

Table7 Frequency of causesfor failure

Cause Per centage of failures
Engineering components | Aircraft components

Improper materials selection 38




Fabrication imperfections 15 17

Faulty heat treatment 15

Design errors 1 16

Unanticipated service conditions 10

Inadequate inspection/quality control

1
8
Uncontrolled environmental conditions | 6
5
2

Material mix

I nadequate maintenance

Defective materid

CD\J:EE

Unknown

Source: Ref 13

The selection of materials to prevent failure is typically a structured approach including thorough and diligent research
into suitable materials. There is no universal guide that will automatically identify the best material for any service,
because the number of interrelated input variables can be difficult to manage by a formal decision structure. Executive
decision trees and computer expert systems have been developed to simplify materials selection, and these systems can
identify candidate materials from very large databases of engineering materias, with cross-referenced mechanical and
physical properties. However, these systems are narrowly applicable and are usually industry or company specific.
Effective materials selection is aided by access to materials property information and acquired engineering knowledge of
all engineers participating on the design. No generalizations can be made that will be valid for al materials-selection
problems, because each design problem must be considered individualy or on the basis of closely related experience.
Table 8 (Ref 14), however, provides some general guidance to the criteria that are typically significant in selecting
materialsin relation to possible failure mechanisms, types of stress, and operating temperatures.

Table 8 Guideto criteria generally useful for selection of material in relation to possible
failure mechanisms, types of loading, types of stress, and intended oper ating temper atures

Failure Types of loading Types of stress Operating Criteria
mechanisms temper atures generally
Static | Repeated | Impact | Tension | Compression | Shear | Low | Room | High | useful for
selection of
material

Brittle X X X X X X Charpy V-
fracture notch transition
temperature.
Notch
toughness. K.
toughness
measurements

Ductile X X X X X Tensile
fracture® strength.
Shearing yield
strength

High-cycle X X X X X X Fatigue
fatigue® strength for
expected life,
with typical
stressraisers
present

Low-cycle X X X X X X Static ductility
fatigue available and
the peak cyclic
plastic strain
expected at
stress raisers
during
prescribed life

Corrosion X . X X . X X Corrosion-
fatigue fatigue strength




Failure
mechanisms

Types of loading

Types of stress

Operating
temperatures

Static | Repeated

Impact

Tension

Compression

Shear

Low | Room

High

Criteria
generally
useful for
selection of
material

for the metd
and
contaminant
and for similar
time©

Buckling

Modulus of
elasticity and
compressive
yield strength

Gross
yielding®

Yield strength

Creep

Creeprate or
sustained
stress-rupture
strength for the
temperature
and expected
life

Caustic or
hydrogen
embrittlement

Stability under
simultaneous
stress and
hydrogen or
other chemica
environment

Stress-
corrosion
cracking

Residual or
imposed stress
and corrosion
resistance to
the
environment.

Kl SCC
measurements’®

Kic, plane-strain fracture toughness; Kscc, threshold stress intensity to produce stress-corrosion cracking.
(a) Appliesto ductile metals only.
(b) Millions of cycles.

(c) Items strongly dependent on elapsed time.
Source: Ref 14

Perhaps one of the most troublesome areas of materials selection relates to the change (or variation) in properties and
performance. Property variations can occur within the part geometry from processing and fabrication, or changes in
properties can occur over time from factors such as:

Wear

Temperature extremes or changes
Corrosion

Fatigue

These application conditions require a great deal of judgment in interpreting laboratory test data into design and
extrapolating properties and performance over extended periods of time. Often, simulated service testing may be required.
An important role of the materials engineer is to assist the designer in making meaningful connections between materials
properties and the performance of the part or system being designed. For most mechanical systems, performance is
limited not by a single property but by a combination of them. For example, the materials with the best thermal shock
resistance are those with the largest values of o/Ea, where o; is the failure stress, E is Young's modulus, and a is the
thermal coefficient of expansion. These types of performance indices (i.e., groupings of material properties that, when
maximized, maximize some aspect of performance) can be useful to compare materials.




Understanding the connection between properties and the failure modes is also important. Figure 8 is a chart of
relationships between common failure modes and material properties (Ref 15). For most modes of failure, two or more
material properties act to control the material behavior. However, it is aso important to understand how property data
should be interpreted. For example, even though most standard specifications require tensile-test data, these data are only
partialy indicative of mechanical performance in specific conditions. The purpose of tensile testing is often to monitor
relative quality of different lots, not necessarily for design. Moreover, except in those conditions where ductile fracture or
gross yielding may be the limiting condition for failure (Fig. 8), tensile strength and yield strength may be inadequate
criteria for avoiding failure. A high tensile strength, for example, might be indicative of lower ductility and toughness,
and thus a part with severe stress raisers might be prone to failure.

Mkl BTy

i|E

Lo ey
il g

FHERE N

Frilgs
AT
Trimh e
Ty Hham

LLILLT

HHIEAE)Y

Gom. - mhdrmy % %

LE it

o f %
.M TRl ,-"':?’ ﬁ

F abgur, Ker b

Fuprnghene ] 7

o bt bulguak

Wiy

Fu

BN Iy “é 2 ]

e/ -

o % %%

s i %) 24

Fig. 8 General relationships between failure modes and material properties. Shaded
blocksindicate propertiesthat are influential in controlling a particular failure mode. K,
plane-strain fracture toughness;, K,scc, threshold stress intensity for stress-corrosion
cracking. Source: Ref 15
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M aterials Selection and Failure Analysis

Case histories of failure investigations provide an indispensable tool not only for design but also in the education and
training of engineers. Even historical case studies for obsolete materials and technology can still offer insight in
identifying root causes and preventing failures in new designs. The investigative process can aso identify secondary
contributory causes so that they may be accounted for in a preemptive manner rather than by repetitive trial and error. In
thisway, case studies can be very important to the overall design process and materials selection.

Conversely, the materials selection process is of great importance to the failure analyst. A working knowledge of
materials selection is a prerequisite for all engineers performing failure analysis. Throughout the failure analysis process,
the investigator needs to consider the appropriateness of the selected material and processing. Inadvertent materia
substitutions and processing mistakes are often encountered. At other times, the physical evidence suggests that slightly
unusua or wholly inappropriate materials and processes were employed. Scientific failure analysis may reveal that the
original design was inadequate or had not considered all of the relevant service factors.

The composition and grade identification are typically ascertained during a failure investigation. The results are compared
to the specified material or compared to standard grades in cases where no specifications were provided. Subtle deviation
from the required composition is not necessarily the cause of a failure, as is sometimes erroneously assumed. The
investigator should also endeavor to determine the likely processing methods used on the part or structure. This will be an
aid, because certain manufacturing methods exhibit characteristic propensities for certain flaw and defect types. Processes
such as heat treatment, welding, and machining can be addressed on a postmortem basis by evaluation of the strength and
microstructure. Standard materials laboratory tests and scanning electron microscope fractography provide the remaining
observations and data necessary to identify the failure mode and causative factors. The material and processing history
thereby gleaned can be compared to the known service conditions to deduce the design concept. This reasoning can then
be used to improve the design or address other materials or processing inadequacies.

Similar to design, failure analysis is somewhat influenced by the technical background and experience of the analyst. The
basic weaknesses of single-discipline failure analysis can be analogous to design. Different engineering disciplines tend to
approach failure analyses primarily within their area of speciaization. A failure analysis team approach will likely
provide the most beneficial corrective actions.

Some Questionsthe Failure Analyst Should Ask

A large variety of questions would be asked and answered during the course of a failure investigation. Education and
experience will indicate to the analyst what questions should necessarily be addressed. The compound questions listed
subsequently are among the many an analyst would address during an investigation:

Should the complex part be an assembly of several parts rather than one?

How was the component loaded, and was anisotropy considered?

Isthe material capable of being produced with the required properties, in the form used?
Can any available material meet the specifications?

Did the strength requirements preclude toughness or corrosion-resistance needs?

Was the wear resistance adequate for the materialsin contact?

Were the desired properties compromised by the use of low-cost materials or processes?
Did the materials and processing comply with the applicable codes and standards?

Was the product made with unique materials and processes?

Were proprietary or obsolete materials and processes employed?

Were the manufacturing processes used to create the desired shape appropriate?

Did the individual processing methods make sense?

Should it have been preheated prior to heat treatment or welding?

Did the fabricability requirements compromise the desired mechanical or physical properties?
Were the manufacturing methods appropriate for the quantity produced?

Were the operating conditions and maintenance as intended?

Were the service conditions easy to anticipate?

Does the material possess adequate durability in the service environment?

How did the scrap value contribute to repair and maintenance decisionsin service?

Examples of Improper Materials Selection

The consequences of improper materials selection can range from simply aggravating to catastrophic. The causes for
failures due to materials and processing are many and varied, because the design process involves the balancing of part



function with manufacturing, cost, and service conditions. Failure analysis will typically indicate whether a material was
suitable, marginally unsuitable, or drastically incompatible. The following examples describe some failures that suggest a
guestionable choice of material.

Example 1: Failure of a Sted Lifting Eye. A stedl lifting eye that had fractured during service is shown in Fig. 9. No
additional service-related information was provided. The eye was reportedly manufactured from a grade 1144 steel and
should exhibit a minimum tensile strength of 689 MPa (100 ksi).

Fig. 9 Steel eyethat had fractured in two locations during service

The eye was approximately 70 mm (2.75 in.) long and appeared to be machined. Fracture occurred in two locations:
adjacent to the threaded shank and diametrically opposite to this region. The circular eye was deformed longitudinally,
and the fracture surfaces exhibited an angular orientation.

Chemical analysis confirmed that the eye was similar to a resulfurized and rephosphorized grade 1144 steel. The sulfur
content was dlightly below the normal limits, and the phosphorus content was slightly above the typical range.

Scanning electron microscope (SEM) examination of the fracture surfaces revealed woody overload features, typical for
resulfurized steels. The morphology was identified as a mixed fracture mode of cleavage and ductile rupture, and the
directionality of the features was suggestive of shear overload. A typical region of the fracture nearest the shank, which
was the likely origin, is shown in Fig. 10. Fracture preferentially followed the nonmetallic inclusions. Tensile testing
could not be performed on the eye, but the hardness was found to be 32 HRC. This is roughly equivalent to 1,000 MPa
(145 ksi), which exceeded the drawing specification.



Fig. 10 Scanning electron microscope micrograph of typical eye fracture morphology
consisting of woody, ductile featur es. 500x

Metallographic examination was performed through the fracture surfaces, and the fracture profile of the fracture surface
near the shank is shown in Fig. 11 The fracture was parallel to the direction of the manganese sulfide stringer inclusions.
Etching reveaed the presence of significant banding of the ferrite and pearlite microstructure. The fracture is primarily
along the inclusions and through bands of ferrite, as shown in Fig. 12

Fig. 11 Cross section through the eye showing cracking through the aligned stringer
inclusions. Unetched. 2x



Fig. 12 High-magnification view of the eye fracture surface showing fracture through the
sulfide inclusions and a banded microstructure. 2% nital etchant. 28x

It was concluded that the lifting eye failed as a result of overload. Fracture occurred parallel to the rolling direction,
through manganese sulfide stringers and ferrite bands in the base metal matrix. The eye was machined from grade 1144
stedl that was heavily cold rolled for strength. This material is very anisotropic, exhibiting substantially poorer long and
short transverse mechanical properties than the longitudinal properties, which were likely used for design. It is likely that
the materials selection process did not properly account for this anisotropy. The selection of arolled product may also be
guestionable here. It may be better to use a forged product in this case because of resulting “grain flow” and inclusion
orientation.

Example 2: Failure of a Tank Coupling. Leakage was identified around a coupling welded into a stainless steel holding
tank. The tank had been in service for several years, storing condensate water with low impurity content. The tank and
fitting were manufactured from type 304 stainless steel. The fitting was fillet welded to the tank wall, and the tank was
covered with insulation in service.

A diagram of the failed tank section is shown in Fig. 13. The coupling joint consisted of an internal groove weld and an
external fillet weld. Cracking was apparent on the tank surface, adjacent to the coupling weld. Some reddish rust was
present on the surface, but no gross mechanical damage, yielding, or weld defects were evident.

Coupling

Cracks -

ARAES>

i

Tankwall

Fig. 13 Diagram of atank coupling region that leaked during service

The chemical composition of the plate was consistent with a type 304 austenitic stainless steel. No compositional
anomalies were detected. Energy-dispersive x-ray spectrometric analysis of the corrosion product on the crack surfaces
revealed chlorine, carbon, and oxygen in addition to the base metal elements. The amount of corrosion present at the
primary crack prevented SEM examination for morphological identification. Hardness testing of the plate revealed a
hardness level considered typical for annealed stainless stedl plate.

A metallographic cross section through the most severe cracking is shown in Fig. 14. A great number of secondary,
branching cracks are evident in the weld, heat-affected zone (HAZ), and base metal. A typica crack is shown at higher
magnification in Fig. 15. Branching, transgranular cracking is evident, emanating primarily from the exterior of the tank.
Examination of the HAZ microstructure did not reveal evidence of substantial sensitization.



Fig. 14 Metallographic cross section through the cracked region of the coupling, showing
branching cracks from the exterior (top). 10% oxalic acid, electrolytic etch. 1.75x

Fig. 15 High-magnification view at the exterior tank surface showing branching,
transgranular stress-corrosion cracking. 10% oxalic acid, electrolytic etch. 14x

The analytical investigation concluded that the tank failed as a result of stress-corrosion cracking (SCC) that initiated at
the exterior surface. Contaminant material containing chlorine, which may have leached from the insulation, combined
with the inherent susceptibility of the base material and residual stresses from fabrication and welding. These factors
combined synergistically to result in cracking. Aqueous chlorides, especialy within an acidic environment, have been
shown to cause SCC in austenitic stainless steels under tensile stress. The use of a type 304 stainless steel to prevent
internal corrosion damage did not adequately foresee the potential for corrosion damage from external contamination.
Example 3: Localized Corrosion of Type 303 Stainless Steel Exposed to Acidic Soft Drinks (Ref 16). This example from
Metals Handbook, 8th edition, (Ref 16) illustrates how a secondary selection factor (machinability) was not adequately
evaluated in terms of a particular service environment and function. In this case, the failure is related to the selection of
type 303 stainless steels for ease of machining instead of type 304 stainless stedl.

After about two years in service, a valve in contact with soft drink in a vending machine occasionally dispensed
discolored drink with a sulfide odor. The soft drink in question was one of the more strongly acidic, containing citric and
phosphoric acids with apH of 2.4 to 2.5, according to the laboratory at the bottling plant.

Manufacturing specifications f