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PREFACE

DEFINITION OF NONDESTRUCTIVE TESTING TERMINOLOGY

The terms "nondestructive testing" (NDT), "nondestructive
evaluation" (NDE), and "nondestructive inspection" (NDI) are used
to describe the means for establishing the quality or integrity
of materials and structures without impairing or affecting their
end use. Nondestructive testing is an emerging technology that
uses some methods dating back 50 years and others that are only a
few years old. As in many emerging disciplines, the requirements
for qualified people and improved instrumentation, procedures,
and techniques continue to evolve.

The term "nondestructive testing" has been accepted inter-
naticnally for more than 30 years and is incorporated into many
specifications, standards, codes, and recommended practices and
procedures. The terms "nondestructive evaluation” and "nonde-
structive inspection" are of more recent origin and have been
generated to provide more accurate descriptions of functions per-
formed. The principal nondestructive test methods in current use
are X-ray, ultrasonic, eddy current, magnetic particle, and liquid
penetrant; additional test methods include acoustic emission,
thermography, microwave, optic and acoustic holography, optic-
laser surface examinations and metrology, and many others. These
test methods are used to examine both the surface and volume of
materials, welds, structures, components, and assemblies to detect
and characterize anomalies that might result in premature service
failures. NDT, NDI, and NDE have enabled the integrity and quality
of materials and structures to be improved and have provided the
basis for quality assurance and maintenance inspection criteria.

In this report, the terms are used to describe specific -
functions:

Nondestructive testing is used in a basic or generic sense
to describe testing methodology or to define the general
application of nondestructive testing principles.

* Visual techniques traditionally associated with metrology and
surface examinations generally are not included with the other NDT
methods. In this report, they are considered in the discussion of
advanced or automated stations used for high-speed visual or surface :
inspections. 1

vi




Nondestructive inspection refers to the performance of an
inspection to meet an established specification or procedure
whether during fabrication or during service.

Nondestructive evaluation refers to the examination of

materials, components, and assemblies conducted to define

and to classify material anomalies in terms of size, shape,
' type, and position.

Thus, NDT methods are used to nondestructively inspect
materials, components, and assemblies and to nondestructively
evaluate the nature of material anomalies. NDE provides a means
for classifying material anomalies in terms of flaws or defects
that may be significant to structural design or service performance.
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ABSTRACT

This report reviews the roles of nondestructive testing,
evaluation, and inspection as they influence the manufacturing and
operational costs of aerospace systems. It is based on a study of
various aspects of quality assurance, prograi management, process
control, implementation of advanced technology, and specifications
to identify factors that might influence costs.

One major conclusion is that rondestructive testing (NDT)
represents a small percentage of the overall costs of an aerospace
system and that improvements in NDT evaluation procedures, through
use of available technology, could lower costs of manufacture and
reduce operational and maintenance costs. Several steps are
recommended for reducing costs of NDT and increasing the overall
effectiveness of the money that is spent to guarantee the reli-
ability of aerospace systems. These recommendations include the
establishment of a Department of Defense (DoD) Executive Committee
on NDT to act as a steering body to guide and direct activities
that will make more effective use of available technology and
procedures. Other recommendations and suggestions relate to
program management, the potential use of current technology, and
procurement specifications.
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Chapter 1

EXECUTIVE SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

A. Introduction

The Committee on Nondestructive Testing of Aerospace Systems
of the National Materials Advisory Board (NMAB) was established to
provide the Department of Defense (DoD) with advice and guidance
concerning research, development, and manufacturing technology pro-
grams to increase the reliability of future aerospace systems through
the use of more efficient and more cost-effective nondestructive
evaluation (NDE). In analyzing the problem and developing its
recommendations, the Committee conducted a series of workshops and
solicited information from technical experts throughout the country.
A major goal was identification of those factors relating to non-
destructive testing (NDT) that can cause the cost of aerospace systems
to increase (or decrease). A second goal was to assess the effective-
ness and timeliness of the use of nondestructive tests.

while the Committee was charged primarily to analyze NDE costs
in research, development, and manufacturing technology, it found this
charge too restrictive to permit it to identify and assess the
influence and impact of NDE on the total system and therefore expanded

its analysis to include life-cycle costs (i.e., the impact of NDT
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technology on initial quality, service operation, and maintainability).
Specifically, the Committee was to identify major problems and oppor-
tunities and recommend actions that can be taken during the next three
to five years either to reduce the costs associated with NDT functions
or to provide for more effective utilization of the available tech-
nology. Those of the Committee's recommendations that relate to these
objectives are presented below while other Committee recommendations
that could result in more effective use of NDT technology to reduce the
manufacturing and life-cycle costs of aerospace systems are presented
in subsequent chapters.

As a result of its study, the Committee has concluded that the
cost of NDT is insignificant when measured against the initial cost
or the life-cycle cost of a system. It does believe, however, that
substantial cost reductions can be effected in both manufacturing and
operational phases through the timely and effective and, in some cases,
expanded utilization of available technology. These cost reductions
can lower total life-cycle costs without reducing the reliability of
the aerospace systems.

Suffice it to say that the success of efforts to increase the
reliability and decrease the life-cycle costs of future aerospace

systems is highly dependent on the initial quality and the design

inspectability of the critical components and structures.




The technical language imposed by the procurement document also
.as a substantial influence on the cost of the specified nondestruc-
tive inspections (NDI) and evaluations (NDE). Improperly prepared :
documents result in counterproductive and unnecessary inspection
requirements while properly prepared specifications, which may
increase initial NDT costs, can result in enhanced system reli-
ability and an overall reduction in life-cycle costs. New approaches
taken in the procurement specifications, such as those used in
MIL-I-6870 [1], can be effective in integrating NDT and NDI into
the design criteria and, thus, provide for the inspection of
critical parts or assemblies both during and after manufacture.

Procurement documents, however, represent only one aspect of
the overall problem, and the Committee has identified three other
problem areas: Tri-Service NDT organization, program management,
and implementation of current technology. The Committee's conclu-
sions and recommendations regarding each are presented below.
B. conclusions

1. |Tri-Service NDT Organization

NDT can have a significant impact on tiie reliability,
effectiveness, and cost of miltary vehicles and materiel, and the

Army, Navy, and Air Force presently have ad hoc and standing committees

or working groups designed to provide a medium for the exchange of

|
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While these groups are effective as working committees, they have no 1

technical information on NDT research, development, and applications. .

authority to recommend, plan, or implement budgets or technical levels
of effort on major DoD programs. The DoD lacks a central body

responsible for coordinating efforts and developing planned and

meaningful ways to promote and to utilize NDT technology to enhance
the reliability of its military system. Even though the three services
each have unique problems, it is important that positive and dynamic
overall control be provided to obtain the most effective NDT programs,
to ensure timely transition of technology between the services and
industry, to develop national awareness and recognition, and to prevent
unnecessary duplication of effort.

2. Program Management

The management of a program encompasses all aspects of

planning, specifying, procuring, engineering, manufacturing, evaluating,
and accepting the completed system. The role and costs of NDT are
interwoven into the program at nearly every phase. Over-specifying or
under-qualifying components and subsystems can substantially influence
both initial and life-cycle costs. Those managing a program must
recognize that there are risks and must identify the costs associated
with these risks. Government program management as well as contractor

management, engineering, manufacturing, quality assurance, and procure-

ment can all increase the costs of NDT. During the development of a




e

i PSS

given aerospace system, NDT costs are increased when each of these
disciplines has not been interrelated to properly define the total
role of or need for NDT. Qualified NDT personnel must be involved
in the development of the scope and role of NDT. Urgently needed
is a basic handbook that describes the requirements and interfaces
for NDT management applicable to procurement of original and re-
placement material.
3 Implementation of current Technology

Given the results obtained with present NDT systems, the
committee believes that the currently used accept/reject decision
process is highly subjective and relies almost exclusively on quali-
tative information and human judgment. The optimum accept/reject
decision involves many diverse factors such as structural design,
manufacturing procedure, and nondestructive inspectability. Less
than optimum NDI decisions can result in appreciably increased
life-cycle costs. '

Current technology makes it practical (a) to implement
quantitative economic and engineering decision modeling to describe
the true economic effects of selecting specific NDT systems and
NDI levels and (b) to utilize electronic and/or computer aids in
selecting and grading anomalies in terms of accept/reject criteria
and in establishing a base for identifying the effects of NDI

criteria. Applying available technology can appreciably increase




the accuracy and reliability of the decision process or reduce the
total manufacturing, inspection, and failure costs.
4. Specifications

The influence of military, government, technical society,
and industrial specifications on NDT costs has been studied by
various groups, including earlier NMAB committees [2-4]. Problems
concerning specification proliferation, maintenance control, inter-
pretation, and application have evolved nationally in an uncontrolled
and undirected fashion. The net result has been an increase in costs
but not necessarily an increase in reliability. The specification
problem is further complicated by the predominant role of aero-
space manufacturers' company specifications that are imposed by -
prime contractors on vendors and subcontractors in lieu of military
or Society documents. Vendors often must comply with multiple docu-
ments to fulfill a contract or to provide like services for different
prime contractors. This Committee has not developed a solution;
still, the need for a unified national solution remains, and if no
action is forthcoming, specifications will continue to become less f
effective. Actions to ameliorate this situation proposed by the |
Committee members included:

a. Development of a series of new military NDT method

specifications;

b. Tailoring of existing specifications;




c. Deletion of tutorial statements from existing military
NDT method specifications; %.

d. Replacement of NDT methods specifications with two
documents, one on personnel qualifications (e.g., MIL-Q-410) and one
on NDT program control (e.g., MIL-I-6870), supplemented by handbooks
on how to apply these specifications to achieve and maintain control
of NDT programs.

The problem of specifications is treated in Chapter VI and 3

again, with more detail, in Appendices A and B.

C. Recommendations

The Committee has chosen four specific recommendations that it
believes will be most effective to control and direct the future plans
for NDT within the DoD. Many other recommendations and suggestions are
presented in the body of the report, but the Committee's major objective

was to describe specific opportunities that, when implemented, could

provide solutions during the near term (three to five years). The
Committee recommends that the DoD take action on all recommendations
included in this report. The NMAB Committee that drafted this report is
a potential resource for assisting DoD in developing the implementation
plan.

1. Tri-Service NDT Organization

The DoD should establish an Executive Committee, consisting

of not more than four persons representing the Army, Navy, Air Force,

and DoD, plus a chairman, to act as the coordinating committee for




consolidating, integrating, and recommending budgets for all NDT
research, development, and application activities. Figure 1 shows
the conceptual organization charge for the NDT activities within the
DoD. Further, the Committee recommends that each Service establish

: an Operating Manager's Group to coordinate and identify the require-

ments of each respective Service. The Operating Managers Group would

report to the Executive Ccommittee, which in turn would present its E
: recommendations to the DoD for approval and implementation. The

é output of the Executive Committee and Operating Managers Groups 'i
could take the form of DoD Technical Coordinating Papers and other

appropriate documents.

The development of the Executive committee” has the highest
priority and should be undertaken immediately to effect continuity, E;
planning, and control of DoD programs. This Committee also could
serve as a national information resource for NDE as it relates to
national issues and problems and, thus, provide a central body for
focusing NDE technology on problems such as energy conservation and
system reliability. f

25 Program Management

The DoD should direct the Executive Committee to establish 1
and implement a plan to develop an NDT Program Management Handbook
as the guideline for NDT progfam management for use by government

and industry. The Committee suggests that the Army Materials and
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and Mechanics Research Center (AMMRC) be assigned the responsibility
for effecting the development of the handbook. This could be accom-

plished by revising, updating, and consolidating AMC?—702-10,

Guidance to Nondestructive Testing Techniques, and;gncp-702-ll,
Guide to Specifying NDT in Materiel Life Cycle Applications, as the

coordinated handbook for NDT program management. Work on this
handbook should be initiated immediately and the publication date

should be no later than the end of FY 197é.

3. Implementation of Current Technology

The Executive committeé should establish a coordinated plan
for adapting and implementing current technology to aid in the NDT
"decision processes." The specific plan developed should (a) apply
electronic and computer enhancement, and (b) implement quantitative
engineering and economic decision modeling to define the accept/
reject criteria and to establish the base for identifying the effect
of the NDI criteria. The Committee suggests two specific areas that
offer immediate potential for cost-effective utilization of current
technology, namely, nonfilm radiography and computerized economic and
engineering analyses. Savings result not merely from the avoidance of
film use, but rather largely from automatic and timely decision-making.
The Committee feels that substantial "cost of inspection" savings for
both manufacture and maintenance can be realized by further develop-

ment and use of nonfilm and electronic radiographic imaging and suggests

that the development program outlined in Figure 2 be implemented.
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Computer engineering and esconomic analysis technology has
developed sufficiently to be useful in predicting the cost effective-
ness of NDT decisions. This analytical technique may be used to
weigh maintenance, failure, and liability costs against the costs
of manufacturing and inspection and to describe the impact of increasing
these costs to achieve increased reliability and lower life-cycle costs.
The total life-cycle costs associated with the various NDT systems and
NDI examination levels can be assessed. (An example of a computerized
engineering and economic analysis of a specific roller bearing in a
jet engine is presented in Appendix C. This analysis describes the
decision-making process in terms of costs per hour of engine life
attributable to bearings.)

4., Specifications

The Committee believes that the problem of development,
implementation, use, and maintenance of specifications appropriate for
use by the DoD can be resolved. While a specific plan is not outlined,
the Committee believes that the solution to the problem can be
developed by an ad hoc group consisting of professional NDT specifica-
tion writers from aerospace manufacturers and cognizant Tri-Service
representatives. This group should be assigned the responsibility
for developing alternate approaches that could provide guidelines

for reducing, eliminating, updating, and tailoring specifications
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while still retaining those primary controls essential to the DoD.

The Committee also believes that all military NDT specifications
retained by the DoD must be updated and maintained if they are to
become practical, enforceable documents. It recommends that the
Tri-Services NDT Executive Committee be directed to give high priority
to the development of a plan for influencing the generation and
application of present and future military specifications.

The Executive Committee should initiate priority action to
ensure that the Army Materials and Mechanics Research Center (AMMRC)
develops and implements a plan to:

a. Identify NDT/E/1 specifications that should be retained
or revised within the DoD system;

b. Identify NDT/E/I qucifications that should be eliminated;

c. Develop a mechan}sm for preparation of new specifications;

d. Develop guideline documents to define the procedure for
“"tailoring" specifications.

The Tri-Services NDT Executive Committee should overview these efforts
ang solicit industrial professional comments and technical assistance
as needed.

D. Committee Overview Comments

1. Support for Nondestructive Testing

The DoD has identified NDT/E/I as key areas of technology

important in enhancing the serviceability of military vehicles and




materiel. During the Committee's deliberations, however, it became
evident that national awareness and recognition of the potential
impact of NDT technology on quality and reliability are lacking.
While the technology is of growing interest to the DoD and other
government agencies, commitments made to date for support of this
technology have been relatively insignificant and ineffective.
Substantial increases in manpower and funding are required to develop

the "critical mass" needed to successfully implement the technology.

2. The Cost of Nondestructive Testing

Few measures have been applied to relate the costs of NDT
technology to the benefits that accrue from it in terms of greater
safety, reliability, and serviceability of aerospace structures--i.e.,
while the dollars associated with the loss of an aircraft or the
particular costs of a nondestructive test often are identified, the
specific relationship between nondestructive tests performed on a
system and the greater reliability and reduced life-cycle costs that
accrue from these tests seldom are identified. Nevertheless, these
relationships must be recognized if specific justification for improved

nondestructive tests is to be developed and if national awareness and

recognition of the impact of NDT technology are to be increased.
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In generating this report, the Committee concentrated on the
NDT associateéd with the manufacture of future aerospace systems.

While this is only one segment of the NDT applied during a system's
life cycle, the techniques applied during manufacturing determine the
baseline reference to which service evaluations are compared.

Separating the NDT costs directly associated with the manu-
facture of an aircraft is difficult. Organizationally, the NDT
function generally falls under the quality and inspection department
and the tendency is for management to include all costs associated with
gquality engineering, product inspection, vendor quality control,
guality assurance, and product guality control under one costing code
representing the total “"quality function."

To place NDT costs in perspective with other elements of the
total quality assurance program, data developed by the Aerospace
Inpustries Association (AIA) (5] were combined with an industrial
sampling to illustrate the relationship of NDT coqis to the quality
assurance function and to selling costs. NDT costs for three elements
(forgings, engines, and airframes) were considered and the comparisons
are shown in Fiqure 3. In no instance did the actual NDT costs
approach 1.5 percent of the selling cost of the item. Thus, NDT
costs represent a small percentage of the final selling price and
a relatively small percentage of the total quality function. A

typical industrial quality assurance organization is shown in

3
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Figure 4 and the elements that involve NDT technology are high-~
lighted. When viewed in this context, the cost of the NDT function
does not appear to be excessive.

From the Committee's findings, there appears little
rationale for attempting to reduce the dollars expended on NDT
in lieu of reducing costs in other "quality function" cost
elements; however, if life-cycle performance is considered, there
appears to be justification for increasing the amount and level of
NDE in order to obtain higher overall quality, which may lead to
higher reliability, greater serviceability, and lower life-cycle
costs. In addition, modeling techniques such as engineering and
economic analysis may provide major life-cycle cost savings through
the identification of the effectiveness of nondestructive tests
performed on critical components of the aerospace system.

Efforts aimed specifically and exclusively at reducing the
costs of NDT and NDI associated with the manufacturing sequence will
have little overall impact on reducing the total cost of a system.
To improve the cost effectiveness of the NDT function, the Com-
mittee has made recommendations aimed at the development of a more
effective NDT program through the reduction of ineffective or un-
necessary tests and the enhancement of technology. 1In addition,
it suggests that a practical and comprehensive NDT program covering
all aspects of manufacture, service inspection, and maintenance

can greatly reduce total life-cycle costs.
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3. Special considerations

a. NDT Research

while the Committee does not recommend major advanced
research activities as a solution to near-term or current NDT prob-
lems, it does not wish to imply that advanced research is not needed f
but rather that presently available technology (e.g., nonfilm radio-
graphic imaging, economic engineering analysis, and electronic deci-
sion processes) can be implemented now to make more effective use of ’
the dollars available for NDT. The charge to the Committee speci-

fically directed it to restrict the scope to activities which could

be brought to fruition wifhin the next three to four years; it takes
much longer than this to convert research findings into application.
While specific recommendations are not made in this report, efforts
in advanced research must continue to be funded to provide better
solutions to existing problems or to find means for evaluating new
material and structures. In fact, development of NDT procedures
should be an integral part of any materials development program.
b. Life-Cycle costs

The committee focused much of its attention on
aerospace manufacturing costs, but since the life-cycle costs (in-
cluding maintenance NDI) of aerospace systems are of equal or
greater importance, the Committee has included the limited overview

of life-cycle analysis in the report. The Committee believes that
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life-cycle cost analysis should be given priority by the DoD and
the Services and that studies should be conducted to identify the
relationships between original manufacturing cost and life-cycle

costs and, thus, to determine the overall cost impact of NDT.
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Chapter 2

NONDESTRUCTIVE TESTING, EVALUATION, AND INSPECTION

AS RELATED TO PROGRAM MANAGEMENT

A. Introduction

A major cost associated with NDT can result from a failure to
develop a coordinated management plan for integrating the design
engineering, quality assurance, manufacturing, and procurement disci-
plines with the requirements of NDT. Experience has shown that unless
the NDT program is considered collectively by each of the functional
disciplines, a cost-effective program cannot be developed. For years,
NDT has been sought only "after the fact" to locate defects in suspect
parts. The net effect has been that the value of NDT in the manufac-
turing and life-cycle of the aerospace systems often is diminished
because the assembly is uninspectable or because the applied test is
inadequate since access is insufficient or the material history is
lacking.

Program managers recognize the decision and design compromises
that must be reached by engineering and manufacturing personnel in the
development of aerospace systems. However, both in government and
industry, program managers seldom recognize the impact that material
and design compromises have on the cost effectiveness of NDT and, more

importantly, the risks incurred by not performing an adequate NDT.

21




The lack of NDT is reflected in the research and development,
manufacturing, and service life costs of the system, and it is impor-
tant that program management recognize what, when, and where risks are
taken when testing is not performed. To keep cost down, known risks
may have to be taken, but such a decision should be accomplished by
coordinating the technical knowledge of government program management
and contractor engineering, manufacturing, quality assurance, and

procurement disciplines. Some of the risks and costs may not be

readily apparent (e.g., machining time that can be lost when defective
raw materials have not been inspected). Early failure of parts also
can be costly in terms of design changes, production schedule delays,
replacement cost penalties, and personnel injuries.

Personal injury, in particular, is one major risk associated
with product liability, and product liability lawsuits are gaining in

popularity and cost. For a single incident involving a faulty artil-

Codaih gy o aaiatiain

lery shell, the involved Army contractors were held liable in a judg-
ment of several million dollars. (The ability to prove 100 percent
testing could be used as one defense in such a suit, but that also
could be a reason for high cost.) Even should the company be ad-
judged free of product liability, liability suits put management in

a "no-win" position; regardless of the outcome, the public image of
the company suffers. In addition, considerable time and money are

spent on the investigation to gather enough data to make a credible

case and to indoctrinate the legal counsel.
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within a program, management must recognize the existence of the

factors just described and must be aware of their role in influencing
the cost of NDT. Government program management as well as contractor
management, engineering, manufacturing, quality assurance, and pro-
curement all can increase NDT costs and total life-cycle costs by
their decisions or indecisions. It is important that the actions of
each discipline be closely coordinated with the others during all

phases of the program.

B. Design, Development, and Manufacture

1. Program Management in Government Procurement

The program management team for major DoD procurement must
consider the requirements for the timely use of appropriate NDT during
the design, fabrication, and operation of a given system. These NDT
requirements must be developed by personnel qualified in NDT disciplines
who also have experience in NDE and NDI. The requirements for
specifications such as MIL-I-6870 and MIL-STD-410D, as well as the
requirements for fracture mechanics, should be specifically included
in the contract statement of work when applicable. To avoid blanket

application of specifications and prevent over-specifying, which is

yet another major cost driver, these requirements must be tailored

for the particular product being procured.

Government program management must consider that the product

design and the identification of the various available NDT methods must
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take into account the need for inspections during the service life

of the system, the capabilities of service inspection personnel
(training and equipment), and the environment under which NDI must be
performed. The prime contractor should not design and build a unit
that cannot be inspected unless inspection will not be required during
the life of the article. A basic ground rule for program mangement in
making decisions related to NDT or NDI is to consider the life-cycle
costs. Lower total life-cycle costs may be achieved by doing more
NDT/I at the time of fabrication and thereby improving safety and
reliability and reducing downtime of the operating system.

During contract performance, government program managers must
follow-up to ensure that the contractor is responsive to the compre-
hensive NDT/I requirements established by the contract and that the
functional disciplines--engineering, manufacturing, guality assurance,
and procurement--have established means for determining that the

requirements of the contract are being implemented.

2. Program Management in Design and Manufacture

The program management requirements during design, develop-
ment, and manufacture can be divided into several disciplines
including: system management; engineering design, manufacturing,
quality assurance, and procurement as indicated in the following

discussion.
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a. System Management

System management personnel have the overall responsibility
for integrating the disciplines in the manufacturing cycle. Engineering
design, quality assurance, NDT, manufacturing, and service organiza-
tions must all have an interface. 1If NDT is to be effective, these
interfaces must be identified and coordinated. Requirements for
fracture mechanics and safe life/fail safe design technology have a
direct impact on the cost of NDT; therefore, they must be tailored
to suit production and performance needs. The factors increasing cost
should be didentified for a given product and eliminated or modified to
provide manufacturing with realistic product requirements. The quality
assurance, manufacturing, and engineering operations must interface to
develop the proper interrelationship between the design, the NDE, and
the processes. The process capabilities must be known and the types
of flaw that are to be expected.with the process must be identified.
Engineering personnel should design to allow acceptable flaws and
quality assurance should identify the method and level of NDE/I1 to be
employed. 2Zoning of critical areas is another effective means for
reducing NDT costs and increasing system reliability. Process controls
should be identified, and quality assurance personnel, working with
manufacturing personnel, must identify the most strategic timing
sequence for performing NDE/I. 1If properl, coordinated, the NDT

process can be applied effectively during the manufacture and service

operation of the system.
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b. Engineering Design é
Engineering has a major impact on the cost of NDT/I.
Areas of responsibility include identifying the critical areas (zoning)
and the accept/reject criteria,and designing inspectability into the
system. Requirements such as "no defects allowed" are meaningless.
Meeting such requirements is impossible and attempts to do so are :
extremely costly.

Advanced aerospace designs pushing the state of the art

are costly and can substantially increase the cost of NDT. Engineering

personnel must be knowledgeable of NDT capability and must coordinate

their efforts closely with quality assurance personnel during the

design phase to ensure that any decisions made provide for adequate
inspectability of the part or assembly. Engineering personnel also

must identify the type, shape, and zoned location of "acceptable"

flaws and must modify the design of critical assemblies to accommodate

the capabilities of the NDT process. They also play an important role

in helping to identify the risks that can be taken. Certain areas f
require little or no NDT; therefore, engineering can concentrate on |
the areas where NDT minimizes the risks. Specific items that must be
considered are the application of fracture mechanics principles and

damage tolerance requirements.
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e Manufacturing
The selection of manufacturing methods and the fab-

rication sequence can increase the number of NDT techniques required
and the costs. Some processes may require that several techniques
be used to determine whether or not the part is satisfactory. Manu-
facturing personnel should interface with the NDT personnel to learn
which NDT methods are to be employed and what impact the manufactur-
ing process will have on the total cost of the NDT program. It is
usually cost effective to inspect a part when it is in its simplest
form; as it is built up and becomes more complex, accessibility to
the critical area and applicability of the NDT technique may be
limited and a more costly NDT technique will have to be employed

or developed. Thus, the manufacturing and NDE/I sequences must be

coordinated.

d. Quality Assurance

Quality assurance personnel are responsible for identi-
fying the method of NDT to be used. It is essential for them to inter-
face closely with manufacturing and engineering personnel to identify
the most practical method. To prevent ascalation of costs, MIL-I-6870
or any other documents requiring NDT must be tailored to ensure that
only the needed elements are required. Unrealistic desires or im-
practical inspection requirements must be eliminated. To utilize the
proper NDT with the design, quality assurance personnel must review

production processes and be part of the team making the decision that‘
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outlines the fabrication sequence. Manufacturing personnel usually

identify the fabrication sequence and the processes to be used.

To select the most effective method, NDT personnel must
; know the manufacturing sequence and the various critical areas of
the design. Quality assurance can increase cost if improper or

redundant methods are selected (e.g., methods to be used after the

part is completely fabricated or specified for application at an

improper sequence usually are the most costly). Instructions for

performing NDT should be sufficiently detailed to prevent variance
from standard practices and procedures that have satisfactorily
met engineering and customer requirements.
e. Procurement

The procurement function is seldom perceived as one that
% can increase the costs of NDT. Procurement personnel must recognize
é and appreciate how total product costs are affected if an NDT is or
is not performed at the supplier's facility. 1In addition, they must

coordinate decisions for supplier fabrication and supplier NDT with

internal manufacturing and quality assurance personnel and must insist
on procurement specifications that specify the level and type of NDE/I to
be applied to the product.

The procurement process should include NDT specifications

T L R E - TP R L, o ety LA el v L R P )

that have been tailored to the specific parts being inspected. This
tailoring should be done by the supplier, based on his experience and

equipment, and negotiated with the prime contractor. The prime




contractor's quality assurance NDT staff should coord: ate nd

monitor all procurement efforts to ensure that an adegquate level of

i
!
!
i
{

inspection is performed and that the supplier maintains a gualit o
capability to perform the service. ;
Once an acceptable sequence has been established and a
supplier has been qualified, breaking that sequence costs additiona.
money. It wastes money to test at a source and then retest at the

prime contractor's facility.

Audits also can have an impact on the supplier‘'s NDT
cost. Numerous redundant audits are conducted by both government
program managers and the prime contractors, and supplier control
personnel must develop means to accept audits and specifications of
other major auditors. To eliminate redundant audits and their
associated costs, NDT suppliers should work out a system with their
customers to permit reviews of the various audit results and should

consider a cooperative approach to control.

Differences between various specifications and various
companies' requirements for personnel qualifications and requalifica-
tion now imposed are not relevant to the practical applications of
the NDT process or technique being used. Some examples of possible

irrelevant requirements are in the areas of visual acuity, theoretical

S i e i o

derivations of NDT principles, and frequency of requalification to a

i specific test method. Many inequities could be overcome if a common £
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procedure acceptable to industry and government were developed for
qualification or requalification of individuals.
C. Impact On In-Service Maintainability g
The role of NDT program management during the procurement, design,
and manufacturing phases has been emphasized. While it is essential
to deliver a product that will meet the performance requirements, it ;
is equally important to be able to maintain the product during the
service life of the system and this fact is often overlooked or ignored.
The NDT program management imposed by the prime contractor has an
important economic impact on the maintainability of the aerospace
system.

The NDT method used during maintenance may be considerably

different from the test and evaluation performed during manufacture and
these differences often cause problems. The design may not reflect the
needs or requirements for maintenance inspection in which service-~induced
defects such as cracks or corrosion ;re the major concern. Such

defects may occur at the surface, below the surface, or at a weld,

joint, or fastener and may or may not be accessible. Location, type

of defect, intervening structure, and accessibility may not permit the
use of the optimum test method. Thus, electronic, radiographic, or

ultrasonic access ports must be provided to facilitate the use of

approoriate NDT methods.
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In-service inspections are accomplished at many different
locations under many different environmental and testing conditions.

Service maintenance is dependent on the inspection manuals prepared

/

¢

by the prime contractor. These manuals often lack tge detail needed

to perform an effective test, have been prepared based on manufacturing
conditions, and do not accommodate the field or service testing
requirements. Further, the staff that prepares the NDI manual seldom
has the field experience required to define the test procedures needed
to make an adequate inspection. Inadequate manuals for service
inspection represent another cost factor, but one that is reflected

in operating costs rather than in the cost of NDT involved in manu-

facturing.




Chapter 3

TRI-SERVICE NDT PLANNING AND COORDINATION

A. Introduction

The Army, Navy and Air Force each‘have NDT, NDE, and NDI
programs that are designed to respond éo the specific needs of
each agency. While the basic NDE technologies are based on the same
fundamental principles, the application and-the range of problems
may be substantially different from Service to Service. Still, the
Committee believes that none of the NDT programs of the three Services
has reached the level of acceptance and recognition required either to
obtain and to sustain the continued financial support needed to pro-
mote, or to ucilize effectively, the available technology and engin-
eering capability. Some of the problems faced are common to each of

the Services, but the level of effort that can be applied by any one

organization is often insufficient tc resolve the problems faced by
the DobD.

While considerable national resources (dollars and manpower) are
being spent by the DoD each year for NDT in areas such as quality
control, quality assurance, safety inspection during manufacture,

NDT testing systems, instruments, research, development, supplies,

training, and in-service maintenance inspection, the Committee believes

33
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that a substantial expansion of NDT activity is needed and warranted
to achieve the full cost effectiveness obtainable through utilization
of NDT technology. A coordinated plan is required to ensure effective
utilization of existing and expanded funds to be spent by the DoD,

and the Committee has identified several areas in which the spending
of additional funds could substantially decrease the initial and
life~cycle costs of aerospace systems.

“8evera1 government groups have mounted efforts to promote tech-

nical exchange of information or to maintain an awareness of what is

going on in industry or in other government agencies. While reason-
ably effective in achieving specific objectives, the authority and
responsibility of the committees or task forces conducting these
efforts are limited, and little or no planning is provided for longer
range programs or for commonality in program efforts. As presently
utilized, the Service NDE committees tend to look at reactive programs
such as the prevention of duplication rather than at the proactive pro-
grams such as pooling resources to meet a common problem. A broader
base must be developed to gain the necessary recognition and support
within the DoD if the real potential of NDT is to be utilized.
B. Plan for Unifying Efforts

The Committee observed,ﬁhat each Service and, for that matter,

each government agency has separate and at times "guarded" programs

M NIy i T e el e I —
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addressing problems unique to its activities. To a great extent
these programs are justified and necessary; however, there are
problems (e.g., specifications, standards, personnel qualifications,
and technology implementation) that could benefit from a joint and
unified effort. A coordinated plan for dealing with immediate prob-
lems (which are often unique to each Service), intermediate problems,
and generic problems, and with long-range planning in NDT is needed.
Simply recommending that the DoD provide additional budget support
will not result in a sﬁlﬁtfbn}3

The solution proposed by the cCommittee is that a Tri-Service
NDT Executive Committee be established by the DoD to develop, plan,
formulate, and implement all NDT activities. This Executive Ccom-
mittee would consist of not more than five technically qualified
members, including the chairman appointed by the DoD, representing
the Army, Navy, Air Force, and DoD. In addition to the Executive
Committee, it is recommended that separate NDT operating Manager
Groups be established by each Service to represent that Service in
planning, budgeting, information exchange, and problem solving. (See
Figure 2 for conceptual organization chart.) Examples of ihe respon-
sibilities of each group are presented below.

1. The Executive Committee would:

a. Recommend to the DoD courses of action to be pursued

to resolve major NDT problems;
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b. Identify specific opportunities and problems common to
the Services;

c. Recommend courses of action to ‘be pursued by each of the
Services;

d. Request and obtain budgetary funding for the operational
groups;

e. Serve as a national advisory team to stimulate national
technical societies, universities, institutions, etc., and to
influence and focus technical efforts on DoD problems;

f. Assist the DoD in establishing intermediate and long-
range goals for NDT technology;

g. Interact with operating managers to assist in defining
and achieving goals and in reviewing progress of the established
programs;

h. Develop a matrix of critical problems to identify common
areas that could be resolved effectively by pooling resources or by
providing the critical mass (dollars and staff) to effect a solution;

i. Review activities on a national basis (e.g., those of
the National Aeronautics and Space Administration, the Electric Power
Research Institute, and the Nuclear Regulatory Commission) and set
national DoD priorities, making maximum use of outside consultants

and technical capabilities to enhance the DoD resource;
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j. Coordinate Tri-Services NDT activities and ensure that
adequate funds for staff, equipment, and travel are available to
develop and maintain a strong NDE staff within the Services.

2. The Operating Managers Group would:

a. Assist with Tri-Service coordination of NDT programs;

b. Provide coordination of NDT programs with the Services;

c. Establish the management plan for NDT goals, levels of
funding, and development;

d. Increase efficiency of DoD NDT efforts by integrating
goals and programs;

e. Interact with other NDT operating managers in other
government agencies (e.g., National Bureau of Standards, Department
of Transportation, and National Aercnautics and Space Administration)
through technical coordination conferences and direct interaction t._
provide more effective utilization of funds, strengthen the national
posture of NDT, and focus efforts of all agencies on national problems;

f. 1Interact with NDT managers in industry to identify and
exploit activities of importance to the DoD;

g. Ensure timely implementation of Executive Committee
program plans;

h. Establish a realistic and logical sequence for industrial
implementation of development programs to reduce the time loss between

research and utilization;




1 Serve as the collecting body of NDT problems or needs

as established within the Services (e.g., Manufacturing Technology

Advisory Group, Air Force Managers Monitor Meetings, Army Quarterly

Managers Meetings);

o oA Interact with universities, societies, and associa-
tions to identify DoD problem areas so as to concentrate scientific
efforts to effect a solution.

The Executive Committee could also be effective in providing
the chain of communication required to implement NDT in all major
weapons system development programs. To expedite implementation of
the recommendations, the DoD may choose to call upon the technical
community (e.g., an ad hoc Committee under the National Materials

Advisory Board) to provide additional conceptual and programmatic

input.
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Chapter 4

IMPLEMENTATION OF CURRENT TECHNOLOGY

Introduction

Research on advanced instruments, principles, and concepts has

been the accepted means for developing improved NDT capabilities. Such

research remains a vital segment of future or long range developments,

and substantial funding, direction, and management should be perpetuated.
However, it generally takes years for concepts or ideas to be reduced

to practical industrial applications. A review of existing technology,
both NDE and related technology, indicates a substantial potential

for providing more cost-effective solutions to existing problems

without the delay and uncertainty associated with the development

and implementation of new technology. 1In many instances, more careful
selection of the accept/reject criteria or more careful engineering of

the test method for a particular application can lead to major overall

cost savings. In some cases, current research can be applied
immediately to an industrial problem while in others existing tech-

nology in allied fields, principally in electronic, electro-optical,

and computers, can be adapted to new configurations that will result

in more cost-effective nondestructive tests.




NDT, as practiced in industry today, is labor intensive ang
requires highly skilled personnel not only for the test development
phase but also for the inspection and evaluation phases. While the
aerospace design analyst may have established the accept/reject level
in terms of the size and nature of allowable imperfections, the actual
decision often is based on an NDT signal response rather than on the
severity of the imperfection. While the design or test engineer would

like to establish the relevance of an NDI indication and how the defect

ﬁay affect product life and performance, all the individual really
knows is the size or pattern of the NDT signal response or a combina-
tion of responses., Substantial training and experience are required to
set up and interpret these NDT signals in terms of imperfection
severity.

The nature of NDT is that there usually exists a significant
variation or uncertainty in the actual severity of the imperfection
associated with an NDT indication. Because of this inspection
uncertainty [6], an NDT decision on accepting or rejecting a part is
subject to two types of errors:

1. defective parts may be accepted, or

2. sound parts may be rejected.

The costs associated with these errors often greatly exceed the
specific test and test development costs.

3
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It has become clear that consideration of the costs associated
with NDE and the specific costs of nondestructive testing and test
development should not be considered in isolation from consequential
upstream manufacturing costs and consequential downstream life-cycle
benefits or cost savings. The introduction of a nondestructive test
involves not only the specific cost of the test and test development,
but also additional manufacturing costs because some material units
may be rejected by the test or the manufacturing process may have
to be modified to pass the test. These increased costs are justified
only by an increase in reliability and a corresponding reduction in
the total expectant life-cycle cost of the material units. Often
these consequential manufacturing and life-cycle costs greatly exceed
the specific inspection cost.

B. NDT Improvements

Improvements in NDT capability can be enumerated in the follow-
ing categories and subcategories:

1. Better Decisions

a. Emphasize measurements related to strength or life;

b. Process control rather than defect control (after
processing);

e, Field expefience feedback (especially by periodic
diagnostics);

d. In situ examination for periodic or continuous
feedback;

A TRy S
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e. Assessing changes in environment (especially by
in situ monito;s);

£. Assessing need for replacement (especially by in
situ monitors) ;

g. Quantitative economic decisions (including liability
aspects);

h. More repeatable NDT processes;
i, Replacement for cause rather than by time;
I Enhancement of measurements;

k. Pattern recognition rather than individual measure-
ments:

1. Adaptive examination to achieve needed precision of
measurement.

2. Better Process control

a. Quicker feedback (especially of digital data):

b. Adaptive control of dimensions during processing;

c. continuous or periodic control of chemical composi-
tion;

d. Temperature or time control by individual or batch
measurement.

L Less Costly Preparation for NDT

a. Ccombining dimensional measurement with defect control;

b. Combining preparation for NDT with dimensional
measurement;

[~ Adaptive contour-following so extra machining is
not needed:;

!
p—

o A AL S




d. computer determination of position to eliminate
extra machining;

e. Chemical rather than mechanical surface preparation;
£ Automatic positioning for radiography.

4. Fewer NDT Examinations
a. Selective examination;

b. Digital data transfer to user from supplier to
eliminate repetition;

c. Using process control to minimize need for defect
control.

5. Faster Examination
a. Numerical-controlled positioning;
b. computer-controlled contour-following;

(o5 Array scanning (multiple scans simultaneously);

d. Simultaneous examinations (rather than sequential);
e. combining metrology with conventional NDT;

£y Instantaneous radiography (rather than film radiography).

6. Faster Decisions
a. Digital comparisons;
b. Position comparisons;
c. Pattern comparisons (physical or holographic):
d. Automatic decisions;
e. computer decisions;

b A Defining decision criteria so fewer committee deci-
sions are required.
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7. Savings in Basic NDT Processes

3 a. Film replacement by advanced isocon system with moni-
: tor (especially for in-process rather than permanent
radiography) ;

b. Film replacement by magnetic tape, hologram, or
microfilm;

(o35 Automation of scanning and recording of ultrasonics
or eddy current;

d. Combining scans (multiplexing).

Some of the technology discussed below fits into more than one
category and specific examples will be cited where the item is not
self-explanatory. The Committee believes that each of the items
could be implemented within a three- to five-year time frame and all
have potential for eventual life~cycle cost savings. Some items al-
ready are being used by certain companies to improve quality and re-

duce costs. Dissemination of information can provide more widespread

usage.

1. Better Decisions

Generally the most important aspects of NDI that result in
increased costs are inspection errors--either the acceptance of
parts that fail in service or the rejection of parts that would not
have failed in service. The key to reducing the frequency and impact
of these errors is the development of inspections with better corre-
lation between the NDT parameters used in making accept/reject deci-
sions and the life of the part.

From an engineering point of view two things are needed to

improve this decision process. First is better understanding of the

i




effect of a given severity of imperfection on the life and failure :

probability of the part. This depends on good fracture mechanics

or other failure mechanics modeling and better knowledge of the stress,

TN S M b e W £

loads, and environment to which the part will be subjected. Second

is improved correlation between the NDT response used in making the
2 accept/reject decision and the severity of imperfection. Reduction
of the inspection uncertainty normally is considered within the realm
of the NDT engineer, but increased interaction between the design 3
analyst and the NDT engineer should improve the decision process. :
Recent technology allowing for integration of failure probability data
(design, materials, and field service engineering information) and
their associated costs with NDI costs, either in initial manufacture
or in service, to show their overall effect on the cost of the aero-

space system is discussed below. 1

a. Probabilistic Economic and Engineering Analysis

One barrier to more effective utilization of NDI is the
lack of quantitative information relating higher product reliability :
with manufacturing costs and with downstream cost savings resulting from
increased serviceability and lower maintenance. The cost effectiveness

of a nondestructive test is dependent upon a number of diverse factors

e i

including: the details of the total cycle of manufacturing-testing-
service; material quality; failure modes; failure consequences;
inspection uncertainty; the accept/reject criteria; and the various

costs associated with the NDI, manufacturing process modifications,
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part rejection, and failure. 1In order to assess the potential cost
effectiveness of an NDE/I, these factors must be combined and a pro-
jection made of the costs and benefits that will accrue from the
application of the inspection. 1In the NDT industry, these cost and
benefit assessments typically are made subjectively, often without full
understanding of the impact of all the diverse influencing factors.

The computer hardware, inspection uncertainty analysis
techniques [7,8], Monte-Carlo simulation techniques [9,10], fracture
mechanics, reliability theory [9], and risk assessment techniques
[11,12] necessary to make a quantitative assessment of the cost and
benefit relationships are available and recently have been integrated
into practical methodology. This methodology, described in detail in
References 10, 11, 13, and 14, can predict accurately the effects on
total manufacturing and life-cycle cost§ of modifications in NDT
procedures.

The methodology has been applied successfully to components
with complex manufacturing and life cycles such as steam and gas
turbines, bearings, nuclear reactors, pressure vessels, and railroad
track. Some of the specific technigques have been applied to super-
tankers, bridges, tower complexes, and automobile components.

Utilization of this engineering and economic analysis

methodology to assess the cost effectiveness of present or potential

R Ly ) i T

OIS PN T TP PuC P Yo s




test modifications represents a major technique for reducing the NDI
and failure costs in aerospace systems. Its application can lead to
more cost-effective utilization of present NDI technology, guide
future research and development efforts, and eliminate many inef-
fective nondestructive tests.

Appendix C illustrates a preliminary application of the
methodology to the generic problem of premature replacement and failure
of rolling element bearings. The quantitative economic and engineering
analysis of this specific bearing shows that present magnetic particle
inspection and certain types of in-service monitoring are highly cost-
effective. Despite this, there are high failure costs per hour of
bearing use (i.e., costs associated with all bearing-related failures
divided by total service hours). 1Initial manufacturing costs prorated
in the same manner (i.e., per hour of bearing use) are approximately
1 percent of the failure costs per hour. The analysis also indicates
that improved in-service monitoring using available technology shows
tremendous potential for greatly reducing the failure cost per hour
of bearing use. With such improved in-service monitors, bearing life
limits might be extended without the need for bearing reconditioning.

b. Other Aids to Better Decisions

Direct correlation analysis of field failures and life

data or laboratory failure data with NDT measurements can bypass some

S ———————————Tr




48

of the usual intermediate steps of trying to relate life to size
(which may be only a minor factor in determining life) with conse-
quent improvements in the decision process. Adaptive learning and
associated signal analysis techniques, such as those developed by
Adaptronics [15] can achieve better correlation between the accept/
reject decision and the life of the part.

More repeatable NDT measurements and more commonality
of measurements between supplier and user would lead to better deci-
sion making and major cost savings. Removing the operator (automation
and digital measurements) from the decision-making process should be
the primary means of achieving more repeatable measurements. Optic-
laser surface scanning systems (nonholographic) with digital output
would offer some decision-making possibilities, but this technique
presently appears best suited for dimensional and surface condition
measurements.,

2. Better Process control

A key to a cost-effective product is process control. Im-
proved process control reduces the costs associated with scrapping or
reworking of parts, reduces the need for defect screening and other
defect control inspections later in the manufacturing or life cycle,
and increases the overall product reliability. Greater utilization of
NDI immediately after manufacture or during manufacture, with deviant
information quickly fed back to process control, is an excellent means

for achieving improved reliability and reduced overall costs using
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present technology. Even on individual or batch manufacture opera-
tions, quick feedback is necessary for good process control. Use of ff
data-link systems for transmission of data from remote locations or
even from the customer's incoming inspection could speed up process

control corrections at the manufacturing site.

There are many examples of measurements of specific proper-
ties providing information to control the process and maintain quality, §:
but in other cases, less effective measurements are made because they
historically have been made or no measurements of any kind are made.
In many instances, the correctness of a heat treatment or a casting
process for metal parts could be ensured by an NDT measurement that
would replace the historically used, time-consuming, and generally
unrepresentative metallographic sectioning.

Dimensional control measurements generally are made at a
location remote from the fabrication. However, a process control
using NDT measurements, such as ultrasonics, readily can be incor-
porated into an adaptive control system to make precision measure-
ments almost simultaneously with the metal removal. This information
can be used to correct for tool wear other changes in the process.

In the manufacture of composite parts when polymeric com-

pounds are involved, the results of NDT measurements of the chemical

composition, temperature, and environment during manufacture readily

can be used to improve the strength of the resulting component.




Instrumentation can be adapted either to batch process or to continu-
ous on-line measurements to furnish quick process control adjustments.

Optimizing properties, particularly those related to

strength, by such in-process controls would be cost effective in
reducing the unknown design factors and the amount of material used.
; Much of the scatter in material properties could be removed so that
: the average properties are increased and the low-side deviations

; eliminated. Similar technology is available for using NDT techni-

f ques to achieve more ideal heat treatment on some of the high-
temperature alloys, thereby eliminating much of the variation that

i now exists,

g Feedback information on failures and on any aspects of the

manufacturing process that may be related to failure should be rein-

troduced into the process as early as possible; often this has not
been done in the past. One example of process feedback control is to
provide the casting vendor with the deviation information on casting
; discrepancies of turbine blades on a near real-time basis. The real-
time nonfilm radiographic system using digital pattern recognition
techniques for immediate feedback on the process offers one approach
that could be implemented with current technology.

3. Less Costly Preparation for NDT
By using current technology, many of the separate handling

or machining operations that are performed to accommodate NDT could

be eliminated. For example, if nonfilm radiography is used, the
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parts could be positioned and handled automatically as is being
done with the tire inspection equipment already in existence [16].

This apparatus conveys, positions, and adjusts the examination

parameters for various size tires.

In adaptive control machining, when the thickness is
being measured ultrasonically to control the metal removal, the

same or additional ultrasonic apparatus could simultaneously examine

that volume of material for anomalies (defect control) and eliminate

the need for a separate ultrasonic examination for defects. Dimen-

e et R U

sional measurement might be combined with the positioning and }i
handling equipment used for NDT. An example of such a possible
system is the combination of electromagnetic examination of bearing

components with optical holography [ 17, 18] or other optical dimen-

sional measurements on either new bearing components or those being
examined for possible regrinding.

Time and money are saved when adaptive contour-following is
used for either ultrasonic or electromagnetic examination since the
need for special machining to achieve uniform, repeatable contours

is reduced or eliminated. Even where nonadaptive numerically con-

trolled NDT scanning is being performed, extra machining in prepara-
tion for the NDT is not required if the control has the location of
each scan matched to the contour being produced by commercially con-

trolled machining.
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Specifying chemical or electrochemical machining that can
produce a finish compatible with NDT requirements for penetrant or
ultrasonic examination can eliminate the need for additional machin-
ing or etching to prepare the surface for examination. These
examples are indicative of what can be done to reduce the time and
cost of preparation for NDI by combining or specifying processes
with the requirements for NDI.

4. Fewer NDT Examinations

Developing procedures for digital data acquisition and
storage offer the potential for major cost savings. Present practices
for NDI data collection, transfer, and storage are labor intensive.
Many of the data stored are never again used but are necessary to the
quality assurance programs that maintain traceable information to be
used in case of failures. Retrieval of the relevant data from the
total stored is difficult and time consuming. Since many of the data
used in such failure reviews are compared to other data in "go" "no
go" decision processes, it also is practical to store analog and
video information by using references that describe the deviation
from a "norm." Digital data collection, transfer, storage, and re-
trieval are compatible with automation of the decision processes.
Since the data can be made available to remote locations on a near
real-time basis via telephone line, the time required to compare and
interpret information (e.g., two radiographs taken at different

locations) would be minimal,
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When the decision process circuitry is incorporated
into in situ instrumentation, it is possible and practical to keep
components and assemblies in service until cause is shown for replace-
ment or reprocessing rather than replacement based on maintenance
scheduling. Such a procedure could save the cost of periodic teardown
and inspection and still maintain the reliability and serviceability
of the system.

5. Faster Examination

Current technology offers many opportunities for decreasing
examination time by permitting simultaneous examinations and eliminating
time-consuming manual operations (especially ultrasonic and electro-
magnetic examinations). Some companies have made sufficient studies
to justify the needed capital expenditures on the basis of cost
effectiveness. Others will require partial subsidy by government
agencies to expedite and introduce ﬁhe test instrumentation.

In one case involving the introduction of numerical control
for the positioning of ultrasonic transducers on a relatively simple
part, a 50% cost reduction resulted. Not only was the positioning
faster but greater dependence was placed on the electronic gating and
recording systems, thus allowing faster scan speeds. Manual contour-
following of even relatively simple curves is very time consuming,
and even partial computer control of contour-following results in

tremendous manpower savings. The near net shape inspection program
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being pursued by the Air Force has reduced the complexity of trans-
ducer positioning and provided the potential for more rapid in-
spections that can employ numerical control.

Simultaneous examinations should be considered when
separate nondestructive inspections require specialized equipment or
special fixturing. Wwhen only a small portion of the component is
examined on each scan, multiple signal generation and processing
(e.g., multiplexing of arrays of transducers) becomes cost effective.

The development of nonfilm radiographic systems that incor-
porate high-resolution isocons with TV monitoring screens offer
prospects for faster, less expensive radiography. Real-time nonfilm
radiographic systems eliminate the cost of the film and the time ;?
required to expose and process the film. These X-ray systems can be j;
furnished with automatic enlargement, electronic micrometers, and
electronic superposition of desired or reference contours and patterns
providing a means for rapid comparison of displayed image with the
reference part (pattern recognition). When archival storage is re-
quired, dramatic cost savings can result if magnetic video tape
storage or microfilm storage is used. This type of instrumentation
seems ideally suited\to tire examination for belt misplacements,
broken fibers, and other anomalies, or to other inspections that

involve a high volume of like parts.
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Recent developments in the auyomation of metrology make
it feasible to combine this operation with other NDT examinations.
One example is the combination of laser contour measurements on
bonded or sandwich structures with holographic examination used to
establish the integrity of the bond after the contours are established.
Pressurization or a thermal transient causes local dimensional changes
that can be detected by holography to indicate improper bonding. Auto-
mated metrology has been developed for dimensional measurement of
bearings. This measurement might be combined with a near-surface
examination for inclusions using laser excitation or ultrasonic or
eddy current excitation for the near-surface examination. The highest
bearing stresses occur a few thousandths of an inch below the surface.
Since bearing costs and especially bearing replacement costs are high
for many pieces of aerospace and ground-based military equipment,
fostering developments in combined NDT and metrology should contribute
to the production of cost-effective systems.

Another example of combining metrology and NDT is ultrasonic
thickness measurements combined with defect control examinations.
This could be applied when ultrasonic thickness measurement is being
used in an adaptive control of machining of complex shapes to specified
thicknesses. If any rejectable indications are found or if the thick-
ness measurement is out of tolerance during the adaptive machining
process, the process could be stopped with potential major cost

savings on machining.
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6. [Faster Decisions

Given the proliferation of devices for converting nearly
any physical measurements to digital form, a change to digital rather
than analog or visual comparisons will result in faster, more reliable
decisions even when the decisions are man-made rather than automatic.
Dimensions measured in more than one place on a component can be
combined into a position comparison. When the radiographic image is
presented on an electronic TV monitor, a multitude of measurements
can be position-compared by superimposing the desired pattern on the
displayed image. Holographic images may be compared in this super-
position manner by combiring the desired image with that of the
camponent being examined.

Even with fairly simple NDT equipment that permits analog
or digital measurements, automatic decision making can be built into
the apparatus often with a manyfold increase in reliability and speed
of inspection. Optical holographic comparisons could have automatic
decision making incorporated, and automatic decision making usually
is offered as a featured option on ultrasonic equipﬁent. Automatic
decision making readily could be incorporated in nonfilm radiography.
The rapid expansion of digital microelectronic integrated

circuits (IC) has exploded the potential for developing digital logic

electronics for use in high-~speed or automatic decision and comparison
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processes. While earlier attempts to adapt full-scale computer

systems to the decision processes were effective, the cost of both
hardware and software systems limited their use to inspections involving
multiple like parts [19] or elaborate and complex assemblies.

Low-cost integrated circuits with digital logic capabilities
have been reduced to both simple and complex forms. It is now practical
and economical to design logic and comparison electronics to perform
routine decision functions or to establish reference values for a test
instrument. Instruments have been developed [20] that use erasable
program read only memories (EPROMs) for digitally recording acoustic
emission signals from in-situ continuous monitors of structural
components. These low-cost, nonvolatile EPROMs replaced expensive
and bulky multichannel magnetic tape recorders and made it practical
to reduce the size and cost of the instrument without compromising the
basic data. Being in digital form, the data can be retrieved in a
few seconds for visual analysis and plotting or can be fed directly
into a computer. Savings accrue in instrument costs and, more
importantly, in the time required to recover the data for analysis.
(Note that the time required for data analysis from magnetic tape can
equal the recording time.)

In a new development, EPROMs are being used to calibrate
eddy current instrumentation [21,22]. Calibration signal and flaw

signal signatures are stored digitally in the memories, and more than
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12 different waveforms have been stored in a single device. These
waveforms can be used as reference signals for set up and calibra-
tion or to compare unknown signals against the references to make
decisions. The approach lends itself to automatic signature corre-
lation and can be expanded to cover many waveforms of both actual
and artificial signals.

« The future for digital logic IC electronics is bright.
While the complex process will continue to be developed for micro-
processor or computer analysis, the logic ICs can and will be incor-
porated into instrumentation to effectively select or compare routine

signal information and reduce the reliance on the computer.

7. sSavings in Basic NDT Processes

Nonfilm radiography is one implementable current technology
that would result in substantial savings in the NDT process. For in-
process radiography when dimensions are to be measured or the success
of a weld repair is to be evaluated, and whenever archival film
storage is not required, the cost of exposing and processing the
film and the cost of disposing of exposed film can be eliminated.
When storage is required, the cost of magnetic tape or microfilm of
the video image is much lower than that of X-ray film storage.

Efforts to automate many of the NDT processes by incorpo-
rating scanning amd limited decision systems to determine accept-

ability of parts are under way. These systems can function at a rate
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many times that of an operator, and the increased repeatibility
offered by such equipment generally represents a considerable cost
savings because it eliminates the need to reprocess parts because
of a questionable operator decision. Combining scans done separately
into a single scan by multiplexing arrays of transducers and re-
ceivers is now possible because of recent technology and should be
a high priority item for continued application sponsorship.
8. Additional Suggested Recommendations

Other specific applications of similar computerized
economic and engineering analysis recommended by the Committee, in
order of priority, are:

a. Other bearings;

b. Jet engine turbine blades;

c. Jet engine discs;

d. Welds;

e. composite structure (a specific aerodynamic component).
In addition, electronic aids to defect screening are available (e.g.,
solid state programmable memories for making specific decisions) and
the Ccommittee recommends that the DoD expedite the application of
electronic subsystems to enhance inspection capability. Adaptive
learning computational techniques are available and should be

applied not only to defect screening but also to process control.
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Chapter 5

NONDESTRUCTIVE TESTING SPECIFICATIONS

A Introduction

NDT specifications, as they currently are used during the
manufacture of original or replacement assemblies for aerospace
systems, can readily be recognized as increasing. Many of these

costs are hidden in the procurement and manufacturing cycle and

become apparent only when one considers that the price for a military

product or service may be significantly higher than that for an item
of the same quality purchased for a nonmilitary application. Specifi-
cations imposed on many products are selected by individuals who lack
the training to correctly identify what is needed to obtain the quality
level required. The tendency is to impose more and more specifications
in an attempt to improve the integrity of the product obtained;
however, merely writing and imposing specifications will not contribute
to the achievement of this goal in an economical way.

Many NDT specifications are obsolete, inadequate, or inappropriate;
some are too general to be control documents, and still others are
ineffective because they are not maintained properly. Nearly every
branch of the Service has its particular specification. In addition,

specifications are generated by a variety of groups. Many professional
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societies develop "consensus" specifications or standards while most
large industrial organizations have internal specifications that are
used during the manufacture of their product. The result is near 1
chaos with multitudes of new specifications being generated, many of
which conflict with other documents.

The subject of specifications is almost universally controversial.

Even within this Committee opposing viewpoints were expressed. One

ST “

segment of the Committee emphasized that the existing pattern of NDT

military specifications should be maintained, that the specifications
should be modified and updated, and that a maintenance team should be

established to guarantee the continuity and accuracy of the documents.

A second segment of the Committee favored a plan for the organized

withdrawal of all NDT military specifications except a minimum few

that would impose the responsibility for quality and inspection require-
ments on the major suppliers of aerospace systems. Specific example

documents cited for retention included MIL-I-6870 and MIL-STD-410D.

Full recognition must be given to the fact that aerospace manu-
facturers must develop company specifications and procedures that are
: associated directly with the performance guarantees of their products.
Specifications of this type generally are product-oriented and, hence,
f ; more exacting, modern, and enforceable than a counterpart society or
§ military specification. The experience gained at Rockwell International
E | and other organizations on the favorable economic and management

impact of MIL-I-6870(C) illustrates the effectiveness of this type
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of document. Expanding the philosophy extended by MIL-I-6870 which

] ‘ requires the manufacturer to take the initiative and the responsibility

TR

for establishing the specifications associated with the system

supplied, is one means for developing more efficient product-oriented

OO ——

specifications.

G

B. The Nature of the Problem

NDT specifications fall into two categories--i.e., developmental
or standard--based on their application or limitation to a specific
product. For example, a standard specification such as MIL-STD-00453
E adequately covers the X-ray and gamma-ray inspection of most metal
é products; however, it is not applicable when the subject to be radio-

graphed is an electronic component, adhesive-bonded assembly, solid-

Bes ol

propellant rocket motor, ceramic rocket nozzle, fiber-reinforced epoxy
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composite, etc. As a consequence, prime contractors must prepare
developmental (product-oriented) specifications to control the quality 5

] of their products. When a product is continually manufactured by

various prime contractors, it is economical for them to pool their
technical knowledge and prepare a standard specification. (A more
detailed discussion on the nature of the problem is presented in
Appendix A.)

C. The Influence of Specifications on Cost

The Committee studied many aspects of specifications and identified
many factors influencing costs. Factors that cause the price of a

product to be higher or lower (generally higher) as a result of the 5
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enforcement procedure used in implementation are called "cost drivers."

e e s

To illustrate the factors that have caused specifications to evolve as
cost drivers, the Committee has chosen the following four examples:
the proliferation of NDT specifications, the lack of NDT specification
control, facility certification, and fracture control--NDI demonstra-

tion plan.

}
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1. Proliferation of NDT Specifications

A specification is a document used in manufacture and procure-
ment that describes the technical requirements for material, parts, or
services. NDT specifications may include procedural, tutorial, andfor

} quality requirements. There are five general types of specifications--

' military, federal, Society, company, and commercial. Company specifi-
cations usually include method requirements and accept/reject criteria.
Such specifications may develop into Society or government specifica-
tions after they have been used for some time and accepted by industry.
Government or Society specifications tend to be general in content and
widely accepted within industry; however, many agencies produce

similar specifications, and this duplication often results in conflicting
or redundant requirements.

For NDT test results to be meaningful, the method of test must
be defined. For the test to be uniform or reproducible, a reference
standard must be employed. For determining product quality, accept/
reject criteria must be specified. Therefore, to adequately specify

an NDT inspection, these items must be defined. Normally, these items
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are not specified in a single document but are incorporated by
reference to other documents.

Before a new product can be manufactured, the material and
process specifications must be defined by engineering. During the
research and development phase, the NDT method, accept/reject criteria,
quality of materials, and fabrication methods must be established.

With the increasing complexity of the aerospace products, method
specifications will be more effective if they are oriented to aero-~
space products. Being product-oriented, the individual method require~
ments can be tailored to the product and this should permit better
process control and should minimize the need for repeating general
requirements. Combining the tailoring developed in company specifica-
tions with a reduction in number and nature of additional specifications
will reduce overall costs.

Military NDT specifications and standards tend to be general
rather than specific to a given product and such generalization is
unsuccessful because NDT test methods and techniques are sensitive to
such things as the material, processing, shape, size, surface roughness,
rate of inspection, acceptance limits, and type of flaw. Few military
NDT documents contain acceptance criteria for specific test procedures
and, therefore, they must be supplemented with detailed specifications

and test procedures for any given product. Since designs, production,

and responsibility for quality are now vested in the industrial
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} contractor [MIL-I-6870(C)], the general military NDT specifications
and standards cannot be adequately related to the required detailed

specifications and procedures.

Since the product or structural accept/reject criteria is
established in specifications developed by the company manufacturing
the product and since the procurement agencies do not have staff
qualified to tailor specifications to meet a performance requirement,
the principal responsibility for the NDT specifications must be under-
taken by the contractor. Acceptance of the specifications proposed

by the contractor is the responsibility of the contractee. A com-

petent technical staff specifically qualified in nondestructive
E testing must be employed to perform this activity.

Some Committee members recommended that use of NDT military

method specifications immediately be discontinued and that military

NDT program planning control documents similar to MIL-STD-410 and

MIL-I-6870(C) be substituted in their place. Other members, however,
thought that this would create administrative contractual problems

concerning the definition of general requirements such as X-ray pene-

trameters, ultrasonic test blocks, X-ray film classification, and
penetrant material classification. Wwhile some of the required docu-
mentation could be provided by referencing ASTM E-7 specifications and

recommended practices, this would not resolve some basic problems
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because most Society documents are written for very general indus-
trial applications and must be tailored to aerospace applications
if they are to be effective.
2. Lack of NDT sSpecification control

Recognizing that certain types of military specifications
and NDT methods documents will be required for use in procuring
items, parts, assemblies, and structures, action should be initiated
to provide and maintain these documents. For procurements that fall
outside the pattern available under a MIL-I~-6870 style document, a
plan for controlling and updating specifications must be developed.

Two items are of particular concern regarding existing NDT
military specifications:

a. the lack of periodic review to update, and

b. the inclusion of detailed tutorial or "how to"
statements.

Military NDT documents are not periodically reviewed and revised and,
as a result, can become technically obsolete which demands that
Societies or companies prepare documents with updated requirements.

In addition, many military NDT specifications are procedural docu-

ments and do not contain acceptance criteria although they do contain

test performance requirements and, in some cases, reference standards.
If the test results are to be meaningful, the test conditions must be
known and if they are to be reproducible, the method of test must be

uniform. To obtain uniformity at reasonable cost requires that only




those requirements determined by knowledge and not supposition be

specified. The needed requirements should not be ambiguous but

clearly stated in measurable terms. Further, NDT specifications
should be clear and concise and tutofial statements should not ﬁe
included. (An example of undesirable tutorial statements is shown
in Appendix B.)

5 i Facility Certification

Materials or product producers frequently have their

products nondestructively inspected in their own or at an independ-
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ent NDT facility prior to their being shipped to the prime con-
E tractor. MIL-STD-410 presently specifies the procedure by which an

3 NDT facility can qualify its own personnel; however, to qualify

independent or vendor NDT facilities, the prime contractor must sur-
vey and certify each one separately. Each prime contractor therefore 1

must establish procedures for performing this task. The NDT facili-

ties, on the other hand, must comply with all the different require-

ments specified in order to remain certified. Unfortunately, meeting
these requirements and handling the inordinate number of resulting
audits increases the costs of a vendor producer or independent NDT
facility [23].

An additional problem associated with laboratory qualifi-
cation is related to the fact that much of the NDT equipment requires

periodic calibration. 1In many cases, independent subcontractors main-

tain and calibrate the equipment, and there are no existing require-

ments to qualify subcontractor personnel or calibration equipment.




it &

69

The vendors and laboratories also are confronted with
hundreds of conflicting requirements regarding the same material or
test method. For example, one laboratory may have to maintain five or
six different penetrant.oils from different manufacturers to qualify
for different prime contract approval despite the fact that these oils
often are comparable and the end results are the same. Further,
MIL-I-6866 (penetrant) states that ". . . you shall etch all soft
alloys previously machined prior to penetrant inspection,” but prime
contractors differ on the definition of soft alloys. Thus, the
laboratory must comply with the prime contractors' interpretations
of "soft alloys" and prepare different test procedures.

4. Fracture Control--NDI Demonstration Plan ‘

Detailed damage tolerance requirements are specified in
various categories as a function of design concept and degree of
inspectability. The contractor is required to perform all analytical
and experimental work necessary to demonstrate compliance with the
damage tolerance analyses and tests as specified in MIL-A-83444,
MIL-STD-1530, MIL-A-8867, and the procurement contract.

MIL-STD-1530 states:

Damage tolerance design approaches shall be used

to insure structural safety since undetected flaws or

damage can exist in critical structural components

despite the design, fabrication, and inspection efforts

expended to eliminate their occurrence...Design concept

shall assume the presence of undetected flaws or damage...
The damage tolerance control plan shall include any

special nondestructive demonstration programs conducted
in accordance with the requirements of MIL-A-83444.
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MIL-A-83444 states:

Initial flaws shall be assumed to exist as a result
of material and structure manufacturing and processing
operations...Each element of the structure shall be
surveyed to determine the most critical location for
the assumed initial flaws...Specified initial flaws
sizes presume the components...Where special ncndestruc-
tive inspection procedures have demonstrated a detection
capability better than indicated by the flaw sizes
specified, and the resulting smaller assumed flaw sizes
are used in the design of the structure, these special
inspection procedures shall be used in the aircraft
manufacturing quality control.

MIL-A-83444 also states:

Where designs are based on initial flaw size
assumptions less than those specified, a non-destructive
testing demonstration program shall be performed by the
contractor and approved by the procuring activity to
verify that all flaws equal to or greater than the design
flaw size will be detected to the specified reliability and

1 confidence levels. The demonstration shall be conducted
on each selected inspection procedure using production
conditions, equipment and personnel. The defective hard-
ware used in the demonstration shall contain cracks which
simulate the case of tight fabrication flaws. Subsequent
to successful completion of the demonstration program,
specifications on these inspection techniques shall become
the manufacturing inspection requirements.

Defining the damage tolerance design, developing appropriate
test models and demonstrating the capability of NDT for fracture-
critical parts is costly and time consuming. Techniques and methods
must be refined to develop potential damage tolerance requirements
which can economically meet the specified requirements. Further

research is required to enhance the fracture control approaches for

in-service inspection.
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D. Summary of Committee Recommendations on Specifications

The Committee recommends that the DoD:

1. Requiire all Services to impose on their contractors the
NDT inspection program requirements specified in MIL-I-6870.

2. Require contractors to implement MIL-STD-410D for qualifica-
tion and certification of NDT personnel.

3. Establish a policy that requires all procurement agencies
engaged in the purchase of aerospace systems to have technical staff
qualified to review contractor NDT specifications and that this staff
be part of the team that generates the procurement specifications and
part of the review team reviewing contractor proposals.

4. Develop an NDT specification, patterned after MIL-I-6870, that
can be added to Section XIV of the Armed Services Procurement Regula-
tions (ASPR). The objective is to establish recogniticn at management
levels for the requirements for nondestructive testing.

5. Authorize the Tri-Service Executive Committee to establish
a planning committee to set national direction and policy in the area
of NDT specifications and standards for the DoD.

6. Prepare guidelines and requirements that specify minimum
requirements for NDT laboratory qualification.

7. Prepare guidelines that specify requirements for an NDI
demonstration plan for fracture-critical parts.

As an additional suggested recommendation, the Defense Contract

Ldministrative Services (DCAS), responsible for subcontractor
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surveillance, having initiated an experimental program to volun-
tarily certify industry laboratories [23], should form an ad hoc
committee, chaired by a DCAS representative, of well-qualified NDT
personnel representing all services and industry to develop a system
for qualifying and certifying subcontractors to minimize the number
of audits and surveillance necessary to assure compliance with NDT
requirements. This program would reduce suppliers' costs and prevent
delays caused by the unavailability of government witnesses. Use of
certified subcontractors would eliminate the need for separate and
redundant audits by each of the Services and by individual prime

contractors.




Chapter 6

NONDESTRUCTIVE EVALUATION AND INSPECTION

IN PROCESS CONTROL

A. Introduction

NDT technology plays an important role in enhancing the re-
liability of future aerospace systems. The application of proper
nondestructive evaluation techniques at appropriate sequences during
the production of raw material, fabrication of structural parts, or
assembly of components can significantly reduce the manufacturing
and life-cycle costs of a system. To effect improvements:

1. NDE/I procedures must be introduced at the earliest pos-
sible time in the process;

2 NDE/I information must be used as the control for the h
proces;;

e Material anomalies detected during the fabrication and
assembly phases must be evaluated to determine their significance
to quality and life-cycle serviceability.

Engineers base designs on material that meets specific perform-

ance criteria. The "zero defects" philosophy is no longer accepted

and design groups have replaced it with design criteria that permit
acceptance of material anomalies falling below established accept/
reject values. Establishing realistic accept/reject criteria is a

vital but most difficult job; however, fracture mechanics analysis



provides a good basis for defining allowable values. NDT has
developed better means for defining the nature of anomalies and
describing the type, size, and location of material flaws.

It is evident that many inspection procedures involve detecting
and identifying "rejectable" material anomalies. Implementing proce-
dures that will produce higher quality raw material is of greater
significance than employing a procedure for detecting "rejectable"
material after fabrication or assembly. It is impractical, however,

to place emphasis only on the raw materials as many subsequent steps

in the manufacturing process may result in material anomalies that are

cause for rejection of the part of assembly (e.g{, machining, welding,
heat treatment). What is necessary, however, is that NDE be intro-
duced at the earliest possible stage in the manufacturing process

so that it can prevent detrimental changes in the life-related
properties of the assembly or structure. This section of the report
addresses the role of NDE in defining design requirements for raw
materials, fabrication and assembly techniques, and associated
process operations.

B. Rationale for NDE in Process Control

The need for NDE in process control is based on the following
rationale:
1. The goal of in-process NDE is to increase the yield of ac-

ceptable product through timely correction of the process as opposed
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to the costly accept/reject limit, final inspection operations,
performed after all processing errors have been committed.

2. Pre-production monitoring of processes during their develop-
ment and qualification is clearly an interdisciplinary operation.
At the start of production, management must force the coordination of
the design team, the materials and processes engineers, destructive
test personnel, and the nondestructive test engineers to obtain the
best possible design. Government and industrial quality assurance
management must jointly assist on NDE/I for in-process control.
NDE/I should be employed as a tool during the development of new or
modified processes to qualify the process before specifications are
d:awn up. Those critical steps in the process when quality can be
degraded, must be identified during this pre-production or process
development phase and nondestructive tests adapted, developed, and
calibrated for monitoring each critical step as early as practical.

3. Specifying the steps in a fabrication process is a necessary,
but rarely sufficient, means for assuring the quality of fabricated
materials or parts. It is the function of NDE/I to detect variations
in processing due to inadvertant or deliberately introduced process
changes (e.g., process change to reduce costs). NDE is required to
measure the output of fabrication operations. Measuring what is being
achieved and analyzing deviations from a "norm" result in better

quality assurance than prescribing what should be done in processing.
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4. NDE process‘éontrol that prevents the occurrence of anomalies
can eliminate the need for post-fabrication screening. For example,
NDE measurement (not NDI) limits for the nature and degree of poly-
merization and bonding in composite material can be established ét
a level that results in properties that are well above the limit réquired
for adequate service; therefore, no defect screening (NDI) would be
required.

C. The Role of NDE in Defining Design Requirements

1. Raw Materials

Most industries depend on some other industry to supply the
basic raw materials for their products; thus, they are vulnerable to
the level of quality control established by the vendor for these
materials. Government and industry specifications have been published
to aid in establishing material requirements and these certainly are
essential to industry. However, raw material producers often unwit-
tingly generate materials that do not meet the specifications of the
contract. Destructive tests conducted on random samples may indicate
adequate process control although the material may be deficient in one
or more 'vital areas. The user then must decide whether he will accept
industry standards and vendor-designed process controls or develop
controls and his own specifications. With rare exception, the latter

results either in an undesirable increase in cost or in potential
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suppliers being unable to meet the new specifications. The real

cost of the decision not to control this stage of production is

often never known; it is a judgment that must be rendered on the
basis of little or no historical data.

Powder metallurgy is becoming an increasingly important
process for making metal products. NDE process control of the basic
raw materials and subsequent processing is important in maintaining
the properties of the final product. Control of metal particle size
is normally accomplished by standard screening techniques; however,
specific attention should be given to parameters such as subsieve
particle size, size distribution, shape, porosity, and composition of
the raw material. By developing and specifying specialized NDE/I
process controls to monitor and control these parameters, improved
powder metallurgy products can be produced.

In the wrought metals industry, self-imposed NDE/I process
controls have considerably improved the quality of the metal during
the last decade. With the advent of ultrasonic inspection of ingots
to determine the presence of piping, nonmetallic inclusions, porosity,
and cracks, the incidence of contaminated metal has been greatly
reduced. This type of process control not only has improved the quality
of the metal supplied to users, but also has been a cost-effective
investment for the producers. NDE/I gives producers a tool to pinpoint

where and how the defects in the raw material occurred and enables them
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to avoid attempts to process defective materials. Early feedback
information can prevent the problem of producing additional
defective materials.

Often a meaningful NDE/I process control for composite

structures is in the control of the raw materials of the com-
posites. Filament size, strength, and uniformity can be vital to i
the quality of the final composite structure, and the necessary

NDE/I process controls must be applied to consistently achieve

these attributes. ’
2, Design

To effectively apply NDE to a product, the capabilities
of NDT must be recognized early in the design phase. Design
engineers and structural analysts are beginning to seriously con-
sider process engineering and NDE during product design rather than
simply specifying vague, after-the-fact inspection requirements.
This trend has acted somewhat as a two-edged sword. On the one hand,
the importance of early application of NDE requirements in the
design has been recognized, but on the other, some designers and
analysts generally have a low regard for NDE because they do not
understand NDT and its limitations and lack confidence in its

ability to locate unacceptable conditions. Designers may consider

NDT to have an adverse effect on their designs (design compromises

may have to be made because the NDE/I process cannot reliably detect
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defects located at orientations adverse to the NDT methods). This
is often misunderstood by the designer so an NDT credibility gap
is created within the engineering community. NDE/I is a desirable
process control tool, but if its application is to be expanded,
its positive aspects must be reinforced and the ignorance and
prejudice acting a; a deterrent to its use eliminated.

As a first step in designing for process control by NDE,
realistic accept/reject criteria must be established by engineering.
What constitutes realistic criteria is not always obvious. Analyt-
ical determination of the effects of porosity or nonmetallic inclu-
sions in structural metallic components is difficult, and an
empirical determination of these effects might prove to be pro-
hibitively expensive. What distribution of voids in nonstructural
composite honeycomb can be tolerated for satisfactory service life?
What quality of surface finish must be achieved to make the product
acceptable? What level of material anomalies can be reliably de-
tected by NDT? How must the design be changed to accommodate the
NDE/I procedures? If the correct NDE/I process controls are to be
established, these and similar questions must be appraised realis-
tically and answers agreed upon as early as possible.

One of the most complex problems involves determining
when during the overall fabrication and assembly process the NDE/I
controls will be most effective and least expensive. It is obvious

that if a product is to perform its intended function, the basic
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raw materials from which it is made must meet the standards
presumed by the design. However, it is not always obvious just
what NDE/I process controls must be used to ensure economical
application of these criteria,

NDE/I requirements must be considered at every stage of
the design phase. If design is considered as involving four phases--
conceptual, preliminary design, layout, and detail-~one can justify
the level of NDE influence developing from the conceptual to the
design stages. For example, in the conceptual phase, one must
determine whether the design concept is compatible with NDE. If it
is not and if the design requires a quality measure, then the con-
cept must be revised. In the preliminary design phase, one must
determine whether performance criteria and material selection are
adaptable to NDE. During the layout phase, one must determine the
inspectability of the product. It is most important that the
design consider the following:

a. Fracture mechanics/NDE relationships;

b. safe life/fail safe criteria;

c. Tailoring requirements for production "needs"
rather than “"desires";

d. Shop and field NDT capabilities;

e. Accessibility for inspection;
£. Cost/trade-off studies;

g. Testing and verifying procedures;

h. Characteristic process anomalies.
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Even in the design stage, it is important that the efforts of
qualified materials engineering (including processing), stress
engineering (including fracture and fatigue), planning (manufactur-
ing), and quality control (NDE) personnel be closely coordinated.
Producibility and quality should receive the greatest attention in
the detoil design phase, but all disciplines must be considered.
Areas of complex structure not inspectable because of geometrical
constraints either must be redesigned or must be designed with full
knowledge of uninspectability. NDE is obviously a cost element at
this point; but, when properly applied, it could substantially reduce
the total life-cycle cost.

The NDE/I specialist must participate in the design
process to assist the designer in understanding the function of NDE.
This can best be accomplished by:

a. Providing qualified NDI specialist support during
design;

b. Revising design handbook data to appropriately
cover the NDE function;

(o P Establishing an NDT guide. .
The inaccessibility and, hence, the uninspectability of
the critical or high stress zones of structural members on a com-

pleted assembly can increase costs significantly.
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3. Fabrication
f The costs involved with NDE/I during fabrication are |

relatively high compared to those involved with phases of the overall
operation such as design assembly. The work of the NDT specialist
must include studies to minimize the impact of NDE on production
rates.

One of the factors contributing to the high cost of aircraft

is the expense for inspection and reinspection of virtually every

part that goes into the airframe and equipment. Since safety and

reliability dictate this degree of inspection, it is a challenge to
the NDT specialist to apply faster, more reliable methods to satisfy
these requirements.

During the fabrication of a structurally significant part

of an airframe, as many as 200 separate inspections may be required.

Many of these inspections are very slow and completely disrupt the
3 fabrication and assembly process. It is the job of the NDT specialist
| either to eliminate the need for as many of these operations as
practical or to improve the inspection time.

Automation, when its initial costs can be tolerated, is
often an aid in fabrication inspection. Elimination of the human error

factor, uniform application of the NDE/I, significant speed-up of the"

operation, and reduction in manpower costs are all normal fallouts of

the introduction of automated NDE/I. There are, however, those
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inspection operations in which the number of units to be evaluated
is too few to warrant full automation, then partial automation
should be considered.

Current technology, properly applied, will optimize the use
of automated NDE/I in producing guality parts on a competitive basis.
Modification and adaptation of existing equipment and knowledge can
provide this desired end result. If inspection operations can be
eliminated in production areas and moved to inspection areas, better
and certainly cheaper inspections often can be accomplished, and the
NDT specialists must consider whether the desired end result can be
accomplished outside the normal production flow. When it cannot,
every effort must be made to design the NDE/I procedure to have a mini-
mum effect on production operations. The most significant payoff for
any NDE operation is its feedback to in-line process control. The
materials and process engineers working in conjunction with the NDT
specialists must establish the necessary in-process controls to provide
quality products since quality cannot be inspected into a product.

4. Assembly

In theory, the assembly process should not introduce material
anomalies or conditions that will cause a part or assembly to be
rejected. The quality of parts being assembled is dependent on prior
inspection and the accept/reject criteria establish the acceptance
levels. While NDE quality overchecks are an essential component of

quality assurance, the assembly NDE/I should be minimal.
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In practice, many assembly procedures can and do intro-
duce conditions that can result in subsequent failure and that must
be evaluated nondestructively during assembly. Processes such as
materials joining through welding, bonding, or mechanical fittings
can introduce material flaws or apply stresses that result in
structural failure. Inadvertent deletion or substitution of compon-
ents (e.g., when a component is no longer available) or tool scratches
or gouges at critical locations may result in failures. Design defi-
ciencies that result in changes to accommodate the assembly process
are another potential problem source.

Appropriate NDE/I procedures must be developed and applied
during the assembly phase to:

a. Ensure that the assembly process has not introduced
defects or conditions that may be detrimental;

b. Verify the integrity of the completed assembly;

€ Develop the base for subsequent in-service inspections
that will be performed during the life cycle of the
system;

d. Provide engineeriig feedback to design on structural
changes desired for assembly or life-cycle inspection

access to critical components.

D. Interactions Between NDE/I and Fracture Mechanics

There is a growing acceptance within both industry and govern-
ment of linear elastic fracture mechanics as a technique for minimiz-

ing the potential for premature material failure. The initial use of
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fracture mechanics was limited to high strength-to-weight components
in the missile field. Now, however, the technique has become an
accepted procedure for the selection of materials in low- to
intermediate-strength design. Linear elastic fracture mechanics
procedures have become accepted for a wide range of applications from
nuclear reactors and highway bridges to railroad rails and pipelines.

It is felt that in some cases the use of fracture mechanics
theory in the life prediction process has been overused, and in limited
instances, the assumptions used in fracture theory are not justified.
The validity of many of the predictions may therefore be open to
question.

Acceptance of the fracture mechanics concepts places a major
burden on NDT process for the following reasons:

1. Fracture theory using fracture mechanics assumes the presence
of small crack-like defects. This is a direct departure from the
previous concept of "zero defects." The knowledge that defects can
be present places importance on the ability of NDT to locate, identify,
and measure material defects prior to initial service.

2. The NDI requirements become quantititive rather than qualita-
tive and the NDI process must ensure the absence of defects greater
than a specific size as established by fracture mechanics.

3. The fracture mechanics design procedure uses the flaw size

as a design material parameter to ensure reliability and therefore
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must have the associated statistical parameter of confidence, conform-
ance, and variations identical to those previously determined for
mechanical properties such as tensile and yield strength.

4. Fracture theory makes no distinction between different types
of defects and assumes that all crack-like defects considered in the
design are significant and, hence, must be detectable. This is con-~
trary to the known ability of NDI to detect different types of defects
to greater or lesser degrees. Experience has shown that NDI results
can sometimes predict actual crack behavior more accurately than would
be calculable from general fracture mechanics theory.

5. The most critical defects in the fracture theory are those
associated with the stress fields within geometric changes in cross
section. These are often the most difficult to detect by NDI because
of the possibility of geometric interactions.

Interactions between nondestructive testing technology and
fracture mechanics establish a means for enhancing the reliability
while reducing the costs of NDT. To realize this potential, many
factors must be considered including the ‘following:

l. Cooperative interaction between design, engineering,
manufacturing, and quality control (both incoming and in-house)
should be made mandatory. Each contractor should establish lines
of communication between management and technical staff to permit
them to discuss the problems associated with NDE technology, inspec-

tion capability, and material defects. Designs seldom make a
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distinction between defects that are readily detectable (e.g.,
porosity) and those that are difficult to detect (e.g., thin lamella
inclusions). The accept/reject criteria for various defects should
be realistically established to ensure high probability of detection
of the detrimental anomalies.

2. Realistic measures must be used to describe the gquantitative
ability of NDT techniques, regardless of the type employed, to detect
defects. Guidelines are needed to define specific levels of reliable
detection as a minimum for quantitative demonstration of the ability
of the NDE/I techniques [24]. The guideline criteria should include
a comprehensive demonstration program to establish the confidence
limits for detecting flaws in specific zones of aerospace structures.

3. The number of specifications and procedures needed to validate
the ability of inspection techniques and method of operation to detect
specified defects to the required confidence levels must be reduced.
One aspect of this problem relates to the qualification of the operator
and a second applies to the procedure itself, which, even though
followed, does not ensure that the significant defects will be detected
and described. Developing or tailoring specifications and procedures
to specific parts and, further, to key sections of those parts can
provide a cost-effective program. In addition, a program is needed

to validate or guarantee the confidence with which significant defects
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can be detected. Further, a study is needed to examine the cost
impact resulting from a design philosophy based on "the prob-
ability that a critical defect will be missed by the inspection
procedure."”

In summary, many of the users of NDT are unaware of the
limitations, shortcomings, and difficulties of advanced NDT equip-
ment. Too much emphasis has been placed on the comparison betyeen
calibration references (e.g., flat bottom holes, voids and easily
produced defects) and actual service or production flaws. Too much
reliance is placed on the response from a reference defect and too
little on the realities of the application. Fracture mechanics
has been accepted over a broad range of technical areas, and the
users are in many cases placing too much reliance on theoretical
analytical processes with insufficient knowledge of synergisms
and interactions that must be understood to provide a reliable
life prediction,

E. Additional Committee Recommendations

Application of NDE procedures to individual operations of the
processing sequence as a means for controlling the process as well
as detecting process defects can significantly reduce rejection and
scrappage costs and system downtimes. Example recommendations are

described below.
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1. Chemical Processing NDE

High rejection rates occur in the chemical processing of
metal components for aircraft structures due principally to the fact
that such processing generally follows in continuous operations and
inspection is not possible until the process is complete. Parts are
batch processed from chemical tank to chemical tank, to cleaning and
surface treatments, and to metal components before an inspection
operation can be effected. Out-of-specification conditions of these
chemical tanks (e.g., chemical imbalance, temperature variations, and
tank contaminants) lead to the impairment of product quality through
scrappage and rework and, ultimately, to higher manufacturing and total
systems costs. NDE control systems that sense chemical tank concen-
trations, temperatures, acidity and alkalinity (pH), conductivity, and
solution contaminants - rently are available to monitor the production
process for out-of-specification conditions of chemical solutions.

2. Ultrasonic Measurement of Machining Operations

Maintaining uniform metal thickness on machined components
fabricated from long, slender aluminum extrusions currently is a prob-
lem that stems from the fact that the machine cutter is dgaigned to
maintain a designated distance from a datum plan against which the
metal surface opposite that being cut is assumed to be nested.
Theoretically, this approach should result in uniform thickness

cutting, but because of transverse and longitudinal bow and the inability
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of the vacuum chuck to hold the metal uniformly in intimate contact
with the tool surface, variations in metal thickness outside accept~
able tolerances result. By adapting an ultrasonic transducer coupled

to the cutter controls a method of controlling metal thickness could

be achieved. 1In addition, another transducer independently could
confirm the metal thickness after cutting if it were mounted to trail
the cutter. Coordination of these sensing systems with automated
chemical mixing and feeding systems can provide a total system concept
capable of maintaining extremely close limits of process control,
sensing deviations from the norm, and adjusting for these deviations
to provide high-quality metal processing at lower cost.

Other examples could be provided; however, the main point is
that the cost for implementing many available techniques is nominal
and the savings in terms of reduced costs for manufacture and fewer
scrapped parts is significant. NDE technology should be introduced
at the earliest practical process stage to provide a product with

higher quality and increased reliability.
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Appendix A

AN OVERVIEW OF NDT SPECIFICATION PROBLEMS

1. Specification Development

A specification is a contractual document used by the contractor
to tell the producer what he wants. Obviously, the skill and accuracy
with which NDT can be specified depends on the state of knowledge
concerning it and on the precision with which its qualities can be
determined. As the art and science of NDT are advanced, the basis
for preparation of adequate speéifications is improved; however, the
effectiveness with which NDT is specified also depends on how well the
specification is written and how enforceable the provisions are.

In the past, it was customary to specify merely a given brand
or "equal" and past performance and the integrity of the producer
were the only guarantee of potential quality. Early specifications
were often necessarily crude because the contractor knew little about
the test he tried to specify; many present specifications are just as
crude and for the same reason. With the increasing complexity of the
industrial system, more adequate specifications have become necessary,
and with the advance in scientific knowledge of NDT, more adequate

specifications have become possible. )
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A specification is intended to be a statement of a standard of
quality. The ideal NDT specification would uniquely define the
qualities of a test necessary to serve most efficiently for a given
use. Calibration of tests can be made to determine the presence of
the required qualities. An NDT specification often falls short of the
ideal because:

a. It may be so loose that it admits material of inferior
quality;

b. It may be overly restrictive and exclude an equally or more
efficient material;

c. It may be based on inadequate or improper criteria, or

d. It may make no provision for proper enforcement.

These and other defects lead not only to the procurement of unsatis-
factory materials but often to disproportionate costs and endless
disputes. It also is important to note that a specification may admit-
tedly and necessarily be imperfect because it would be impracticable to
produce an ideal test to obtain the ideal material. All things
considered, it may be just as inefficient to require too high a quality
as to accept too low a quality. Practically, specifications are

drawn up not to achieve an ideal test, material, or product but rather
to achieve a test, material, or product that is possible to obtain at

reasonable cost under existing conditions of manufacture and that

performs adequately in service.
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Several considerations are involved in fixing the limits within
which a specified quality value may be allowed to vary. The maximum and
minimum to be set may be based upon experiment but should recognize
the 1limitations of the manufacturing.or inspection process. These
limits correspond to the size limits allowed in making machine parts,
where tolerances are allowed for economic manufacturing without unduly
impairing the efficiency of the assembly. In fixing these limits of
tolerance for tests or material, care must be exercised to avoid ranges
that are too narrow or too wide or that will result in poor quality.
These limits often involve safety and generally involve durability and
efficiency.

25 Standard Specifications

A notable development of the past decade has been the preparation
and use of standard specifications. A standard specification is usually
the result of agreement between those concerned in a particular field
and involves acceptance for use by participating agencies. It does not
necessarily have, however, the same degree of permanence as a dimensional

standard because technical advance in NDT usually calls for periodic

revision of the criteria or requirements. Some of the various types
of standardizing agencies are independent companies, trade associations, |
technical and professional societies, and bureaus and departments of

municipal, state, and national governments. The breadth of acceptance ;
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depends to an extent on the scope of influence and authority of the

ﬁ standardizing agency. Under the standardizing procedure followed by

l important agencies in this country, a period of negotiation, formulation,
and trial usually precedes the use of a specification as a standard
so that it has assurance of being workable.

; A standard specification implies standard methods of testing and

sometimes also standard definitions. In some instances, the methods of

testing are incorporated within a materials specification, but some
standardizing agencies set up standard methods of test separately
from the materials specifications and make mandatory reference to the
test methods.

Properly devised and enforceable standard specifications can be
of immense value to industry because:

a. They usually represent the combined knowledge of the producer
and contractor and reduce the possibility of misunderstanding to a
minimum ;

b. They lower unit costs by making possible the uniform inspec-
tion of standardized commodities;

c. They permit the contractor to use a specification that has

been tried and is enforceable:
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d. They simplify the preparation of special~use specifications

because published standard specifications can be incorporated by
reference;

e. They aid the purchasing agent in securing truly competitive
bids and in comparing bids;

f. They set standards of testing procedure in commercial

testing and hence permit comparison of test results obtained from

different laboratories.

In the initial development of a standard test procedure, considerable

RTRRP R w—

research often is conducted by cooperating organizations to develop

a procedure that will yield reproducible and meaningful test results.
The disadvantage of standard specifications is that they tend to
"freeze" practices that may be only in the developmental stage and,
thus, hinder progress where most needed. For this reason, standard
specifications should be under the jurisdiction of a well informed and
thoroughly open-minded agency, and specifications for both materials
and methods of testing should be subject to continuous review to
determine their suitability under changing conditions. The various

codes based on these standards also should be reviewed frequently.

One problem with standard NDT method specifications is that they
are by nature product or process oriented. Unfortunately, current

aerospace technology covers a vast array of materials or products and

A
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{.. manufacturing processes and standard NDT specifications for products
i other than metals do not exist. To produce them would be costly and
time consuming; however, if present developmental materials or
processes become a standard for fabrication, preparation of standard
- NDT specifications may be beneficial.
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Appendix B

EXAMPLE OF TUTORIAL STATEMENTS

The Committee has chosen one specification--MIL-STD-1537

(7 February 1973)--as an example of "how to" or tutorial statements

that should not be included in specification requirements. Statements
such as these should be deleted from specifications or placed under a

section entitled "Instructions or Procedures.” The tutorial statements

are underlined.
4.2.3.1

e. An example: Suppose a lot of bare .040 in. 7075-T6
material is to be tested with a 60 kHz instrument
and the acceptance range for this material is 30.0
to 34.5 percent IACS. In accordance with Figure B-1
at 60 kHz and 32 percent IACS, the minimum thickness
is .050 in, The thinnest 7075-T6 material that may
be tested without stacking is .6 by .050 = .030 in.
The .040 in. thick material shall therefore be
tested in accordance with the 4.2.3.1 exception.

4.2.3.2 Suppose three samples taken from the lot
and tested while stacked give readings of 34.0, 34.5, and 34.0
percent IACS. All readings are in the acceptable 30.0 - 34.5
percent IACS range. "Unstacked," the specimens read 36.0,

36.5 and 36.0 percent IACS. The average change in conductivity

between the "unstacked" and "stacked" readings is +2 percent
IACS. This is within the acceptable 0 to +2.5 percent IACS
range acceptable as specified in 4.2.3.1. The new acceptance
range for this lot of .040 in. thick 7075-T6é material is then
equal to 30.0 +2 to 34.5 42 percent IACS or 32.0 to 36.5
percent IACS. The remaining specimens in the lot are then
tested. Any specimens with "unstacked" conductivity outside
the 32.0 to 36.5 percent IACS range are rejected.
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4.2.4 cCladding has a pronounced effect on conductivity readings
as compared to the base metal values. The effect of cladding becomes

more pronounced as instrument operating frequency is increased. Eddy
current conductivity tests for acceptance of clad material shall be

restricted to material below .080 in. thick. Instruments used for
testing clad material shall not have operating frequencies exceeding
62 kHz. The above restrictions do not apply if the cladding is
removed in the area to which the probe is to be applied. For all
tests the minimum operating frequency shall be such that the minimum
thickness requirements of 4.2.3 and Figure B-1 are mnet.

"How To"

5.1.2 A suggested procedure for establishing a correction
factor for round stock is specified in 4.2 is using flat stock of the
same material and temper as the round stock to be tested. Measure
the conductivity of the flat stock with eddy currents (reading "a").
Then form or machine the flat stock to a radius within the tolerance
of the radius on the round stock tu be tested. Again measure the
conductivity (reading "b") using a fixture to hold the probe in the
same position as is to be used on the round stock to be tested. The
correction factor to be added to the readings on the round stock
is reading "a" minus reading "b".

Requirement

5.1.3 Establish lift-off corrector factors for material or parts
having a non-conductive coating as follows:

Tutorial

5.1.3.1 Obtain plastic shim stock or paper of the same
nominal thickness as the non-conductive layer on the parts to
be tested.

5.1.3.2 Place the shim or paper on a bare specimen of the
same nominal composition and heat treated condition as the
parts to be tested.

5.1.3.3 Note the deviation in readings of conductivity
between tests run when the probe is placed directly on the
surface of the bare specimen and when the probe is placed on
the paper or plastic shim stock on top of the specimen. Use
this deviation as the correction factor for reading on the
parts to be tested.
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6. Netes

6.1 Hardness tests shall be used to supplement electrical
conductivity tests on aluminum alloys. Figure B-2 shows a typical

variation of hardness and conductivity with heat treat condition.

Note that both hardness and conductivity values are required to
define a given heat treat condition.
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Note: Two different hard-
‘//-'As Quenched ness conditions will provide E
the same conductivity reading.
Use hardness to verify condi-
tion.

Hardness,
3
T

0 - | :
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conductivity - % IACS

FIGURE B-2 Hardness vs. conductivity for 7075 aluminum
alloy.

(Note: Figure B-2 is for information purposes only and shall not be
used for accept or reject criteria.)

e —

SPRENRERERSYSRRAES WS



T T TR T SRR et e i i o e

Baleaiil il i i s ol Ll S i i A wm"’““ﬂ

Appendix C

COST EFFECTIVENESS OF VARIOUS NDT APPROACHES
FOR CONTROLLING BEARING FAILURES"

y 8 Summary

An engineering and economic analysis was conducted to determine
the potential cost effectiveness of various NDT methods for con-
trolling aircraft gas turbine engine main shaft bearing failures.

The failure control methods that were considered are:

a. Improved process control;

b. Improved raw material defect screening;

Ce Conventional defect screening during bearing manufacturing;

d. Advanced in-flight monitors;

e. Additional in-service inspection and/or rework.

A summary of results provided by the engineering and economic
analysis of the specific aircraft engine bearing studied is given
below:

a. Bearing production costs (raw material, inspection and
manufacture) are less than 2 percent of the total experienced bearing
failure costs. Hence, modification in production that, for example,

would double the bearing production costs would be justified if these

* Prepared for the NMAB by D. P. Johnson and T. L. Tommay of
Failure Analysis Associates, palo Alto, california.
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modifications led to as little as a 2 percent reduction in the
frequency of bearing failures.

b. The conventional defect screening during bearing manufacture
makes up approximately 0.04 percent of the total bearing costs (pro-
duction and failure costs); yet, the calculated effect of removing
these inspections would be a 50 percent increase in the total bearing
costs because of the resulting increase in the frequencies of bearing

failures.

c. A factor of six improvement in the raw material process

control would lead to an 85 percent reduction in the total bearing
costs, mainly due to a reduction in the frequency of bearing failures.

d. The insertion of an improved ‘inspection to screen raw
materials would cost an estimated 0.04 percent of the total bearing
costs and result in an overall reduction in the bearing cost of 75
percent.

e. An ideal in-flight monitor would reduce the experienced
failure cost by approximately 25 percent.

f. 1Introduction of in-service bearing inspection or rework,
which involves removal of bearings from the engine, would greatly
increase the total bearing cost due to the additional engine removal
and tear down costs. Rework of bearings by grinding would not produce
significant cost savings over simple reinstallation of the bearings
because of the more-or-less constant bearing failure rate experienced

in the exemplar bearings.
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It is evident that major life-cycle cost savings can accrue
from better control of bearing raw material either through direct
process control or defect screening of the raw material. It also
is evident that in-service monitoring has potential for appreciable
cost savings. For the specific engine bearings considered in the
analysis, a 25 percent reduction in failure costs means a savings
of 13 million dollars per year.

- ‘Introduction

In examining the general questions surrounding NDT costs, it
became clear to the Committee that the specific costs associated with
a given nondestructive test or inspection should not be considered in
isolation from consequential upstream manufacturing costs associated
with the nondestructive evaluation (e.g., the reduced yield because of
the parts that fail the test) or from the consequential downstream
cost savings (e.g., decreased premature removal rate, reduced failure
rate, and reduced liability costs). In most situations these indirect
costs are much larger than the direct costs associated with the NDT.
It is evident that a major barrier to optimum utilization of NDT and
full recognition of its impact is the lack of quantitative understanding
of this interchange between downstream cost savings and inspection and
manufacturing costs. Failure Analysis Associates, under contract to
the Electric Power Research Institute, has developed the engineering

and economic methodology required to describe and predict
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this interchange and the Committee believes that the application of
this technology represents a major technigque for reducing NDT and
failure costs in aerospace systems.

It also is evident that premature replacement and failures of
roller bearings represent a significant generic problem throughout the
military Services and that a number of NDT procedures or potential
procedures can be used to control these failures. Which procedure or
combination of procedures is optimum for controlling the failures is
the type of question that can be answered by engineering and economic
analysis of the bearing manufacturing, life, and failure cycle.

The preliminary analysis of roller bearings described in this
appendix was conducted because:

a. it would be a clear illustration of the interchange between
the inspection, manufacturing, maintenance, and failure costs;

b. it would illustrate the application of the engineering and
economic analysis technology;

c. it would identify the most effective approaches for con-
trolling the defective rolling-element bearing problem.

The analysis of the bearing failure problem uses representative data
supplied by bearing manufacturers and users to select the most
effective trade-offs between process control, defect screening, in-

service monitoring, retirement-for-cause, and reconditioning.
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3. Process Description

The analysis employs a Monte Carlo technique [1l] in conjunction
with an algorithm modeling the bearing production and life cycle of
an aircraft gas turbine main shaft bearing. Figure C-1 is a flow
chart of the algorithm.

The model treats the individual bearing as the sum of two elements.
The first consists of the races and the second of the balls. The
bearing production and life sequence is divided into three phases:
Phase 1 is raw material production and inspection; Phase 2 is bearing
manufacture and inspection; Phase 3 is the service life and mainte-
nance of the ball bearing. All inspection processes are treated
probabilistically with each being characterized by the probability of
rejecting defects as a function of flaw size.

Each bearing element is divided into four regions. At the raw
material level, one lot of each type element is randomly seeded with
flaws, one flaw per region. The first three regions--surface, critical,
and deep--represent the material of the bearing that is subject to

fatigue (that related to the contact 2zone). The fourth region is the
region of insignificant stress and is included because an inspection
device may reject a flaw in this region even though the flaw is not
dangerous to bearing life. The distribution used to establish the
flaws in each region varies from one lot to the next, simulating

lot-to-lot variation in raw material quality.
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Each of the two lots is sent through the appropriate raw
material inspection. If the number of rejections occurring exceeds
the lot rejection threshold, that lot of raw material is rejected.

A new lot is seeded with flaws and inspected. The process is repeated
until one lot of each type element has passed all inspections. The
inspection cost is cumulative in that if a lot is rejected, the cost
of inspection is added to the cost of the new raw material. 1In

Figure C-1, C is the cost of inspecting a bearing element. For

Tl
this example, the raw material and raw material inspection costs are
small when compared to the expectant production and failure costs.

Once a lot of raw material for each element has passed the raw
material inspections, the elements enter the manufacturing phase. The
cost of manufacture (CM) is added to the total cost and the manufactured
parts are sent through the appropriate inspections. If lot rejection
occurs at this point, the rejected lot is returned to the raw material
level and the entire process is repeated for that element until one
lot of each element has completed manufacture and is ready for
assembly. If the event of lot rejection occurs at the manufacturing
level, the total cost including manufacturing cost and inspection cost
is carried to the new lot of raw material. As each lot enters the

in-service phase, the cost figure reflects the total cost to produce

that lot of bearings.

PRI R AT AT

T A LA T ERTAL S LT ) RN




RS e A AT A L33 i

112

e A NS

After the two lots (one for races and one for balls) have
passed the post-manufacture inspections, the elements in the two
lots are combined and each bearing is put into service. The life
of the bearing is calculated based on the size of the flaws in the
three contact regions. If the life of the bearing exceeds engine
life, only the costs related to in-flight shutdowns or engine re-
movals due to false indications from the in-flight monitors are
assessed. The occurrence of unneeded servicing is treated probabi-
listically as a function of time-in-service--i.e., the longer the
service life the more likely unneeded service will occur.

If the life of the bearing is less than the engine life, the
costs associated with replacement and with secondary damage are
assigned to the bearing. In most instances, bearing problems are
detected before they become severe enough to cause secondary damage,
but even in those cases, major costs are still accrued because of
the high cost of engine removal. The cost of the new bearing is
an insignificant part of the bearing replacement cost. If the
bearing problems are not detected in time, secondary damage will
occur before bearing removal. In this case, the cost of the

secondary damage is also assessed to the bearing.




In this manner the algorithm computes the total costs and the
number of bearing hours accumulated. By changing certain constants

and distributions, the program is modified to simulate various potential

failure control methods. With each failure control method, several
thousand bearings were run by simulation and the cost per bearing

hour determined. It should be reiterated here that actual data on

failure mechanisms and failure rates are used; only the effects of
possible changes in inspection techniques on the detection of anomalies
and changes in monitoring detecting spalling at an earlier time are
simulated.

4. Determination of Algorithm Parameters and Distributions

There are basically four types of quantities that must be
determined to complete the engineering and economic analysis of the
bearing performance. These are:

a. Detection probabilities;

b. Raw material defect distributions;

c. Bearing life given defect size;

d. Cost factors.

The detection probabilities are based on expert opinion and
factory experience and the detection rates observed in the exemplar
engine. The raw material defect distributions are based on the
frequency and flaw sizes observed in rejected bearing lots and the
rejection rate obtained when an improved raw material inspection

was introduced. The bearing life model is based upon the actual
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frequencies of bearing service failures for the exemplar engine
and laboratory tests on similar bearings. The cost factors are

kzsed upon the exemplar engine experience. Hence, the model with

conventional defect controls gives cost, failure rates, and
detection rates characteristics of the actual engine example used.

A more detailed description of how the four types of quantities are

determined is given below.

a. Bearing Defect and Failure Detection

In general, the inspection processes used have been
treated probabilistically. Each inspection process is characterized
by its probability to detect flaws of different sizes so that, given
a particular flaw, there is some probability of detection uniquely
defined for that process. This detection capability is assumed to :
be a lognormal function of flaw size; the probability of detection
is related to the log of the flaw size by the standard normal dis-
tribution. Thus, two numbers, a mean and a standard deviation, com-
pletely define an inspection system. When an inspection occurs, the
large flaw in the inspected volume is used to determine the proba-
bility of detection. A random number between zero and one then is
selected and compared to the probability of detection. If the
random number is less than the probability of detection, the defect é

is detected. 1If not, it is not detected. |
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For the improved raw material inspection, the two numbers
required to describe the inspection performance are determined from
actual experience and experts' estimates. Figure C-2 shows the
distribution used for the improved raw material inspection. It is
assumed that when an 0.004 in. defect is present, it will be detected
90 percent of the time, and that when an 0.002 in. defect is present,
it will detected 10 percent of the time. The improved inspection is
assumed to be a volumetric inspection equally effective in all four
regions.

For the conventional defect inspections used during manufac-
ture and the conventional raw material inspections, the mean and
standard deviation of the distributions are determined from expert
estimates of the size of flaw that would be detected 90 percent of
the time and the observed rejection rate. In these cases the
inspection is only sensitive to near surface defects. Figure C-2
shows the distribution used to describe the conventional defect
inspection used during manufacture.

The conventional in-service systems for flaw detection were
modeled somewhat differently. There are four ways flaws in the
bearing can be discovered: incidental detection during overhaul,
in-flight detection, maintenance detection, and detection due to
secondary damage. If an engine is overhauled for reasons other than

indicated bearing problems and if during that overhaul a bearing

problem is found, an incidental detection has occurred. The bearing
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may show signs of fatigue such as pitting which indicates that
spalling is imminent although no spalling is present or the bearing
may be spalled. Either event is grounds for removal. Field data for
the exemplar engine show that about 55 percent of all bearings
removed from service before completion of their design life were
removed during incidental inspections, a quarter of these being
spalled bearings. Coincidentally, the spalled bearings removed in

this manner constitute 25 percent of all spalled bearings prematurely

removed from service. Given the rate of incidental inspection, the

total spalling rate and the rate of incidental detection of spalls,

a surprisingly large value is indicated for the life of a bearing
after it has spalled. On the average, a spalled bearing spends nearly
500 hours in-service before it is removed. Two percent of the spalled
bearirgs escape in-service detection and lead to secondary damage.

The observed incidental overhaul rate is used to determine how
many spalled or nearly spalled bearings are removed incidentally.

The definition of nearly spalled is adjusted such that when conven-
tional defect and failure control is modeled, the actual incidental
removal rate for unspalled bearings is obtained.

The rest of the bearings removed from service prior to the
end of their design life were removed by various in-service monitoring
systems (e.g., vibration monitors, oil particulate monitors, oil
leakage monitors). About 43 percent of all bearings removed from the

exemplar engine were taken out of service as a result of these in-service

-
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monitors. One third of these bearings (14 percent) caused in-flight
shutdowns to occur and the remaining 30 percent were detected on the
ground. It is estimated that one in ten engine removals for suspected
bearing problems is unnecessary, the same for one in ten in-flight
shutdowns.

In the model, these in-service monitoring systems are lumped
together according to the observed ratio of in-flight to ground detec-
tions. The lumped system spall detection and false detection prob-
abilities are determined from the performance of these systems on the
actual engine example.

As part of the study, the effects of ideal in-service moni-
tors are considered. These ideal vibration monitors mounted directly
on the bearing housing are assumed to detect all spalled bearings
before they lead to secondary damage.- Two ideal monitors are
considered. Ideal Monitor 1 is considered to integrate the vibration
signal over a period of one minute with a detection threshold that
is six standard deviations above the noise level. This system is
checked by the pilot in-flight and when a deviant bearing is detected
the engine is shutdown immediately. Ideal Monitor 2 is considered

to integrate the vibration signal over a period of one hour with a

detection threshold that is also six standard deviations above the




noise level. This system is checked only on the ground and does not

lead to in-flight shutdowns. Given the length of spall life and cost
of in-flight shutdowns, this latter approach is a far more cost-
effective solution.
b. Raw Material

In the analytical model, each bearing element is divided into
four regions. The first three regions--surface, critical, and deep--
represent the material of the bearing that is subject to fatigue and
the fourth region is the region of insignificant stress. Each region
in each element has a characteristic volume that is seeded at the
raw material level with a flaw from the parent distribution. When the
seeding is complete, the races and balls each are characterized by
the largest flaw present in each region. Life calculations then are
performed based on the flaw and stress in each region and are made to
match actual fatigue failure data.

The parent flaw distribution is assumed to be lognormal and
is defined by three parameters--a mean, a standard deviation, and a
scaling factor. The scaling factor is taken to be a random variable
lognormally distributed about 1. The scaling factor is included to
simulate lot-wise fluctuations in the quality of the raw material.
Prior to the seeding of each lot, the scaling factor is selected at
random according to its distribution. It then is used to scale by

multiplication of each flaw seeded in the new lot.

ey
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The standard deviation for the scaling factor and the
mean value for the parent flaw distribution were determined from
raw material rejection rates and rejected population flaw sizes
observed when an inspection of known effectiveness was applied to
bearing raw material. The standard deviation of the parent distribu-
tion is based on an estimate by an expert in the field. Based on
these observations, 90 percent of the time the largest flaw found
in 0.0l cubic inches of parent material is less than 0.00012 inches
in diameter. The standard deviation for the log of the scaling
factor was found to be 0.6, indicating a very large lot-to-lot
variation in material quality. Again, these are related to actual
bearing manufacturer experience. As part of the study, the effect
of improved process control was examined by reducing the standard
deviation on the log of the scaling factor from 0.6 to 0.1 (i.e.,
better raw material process control was simulated).

c. Life Model

The life model was developed based on the assumption that a
high percentage of bearing failures is due to material defects, such
as nonmetallic inclusions and seams, that provide for initiation of
cracks which eventually lead to spalling or fracture. Failures
resulting from dimensional problems, surface damage in-service, oil

contamination and so on, were considered beyond the scope of the

study.
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3 The field of rolling contact fatigue is not yet fully
quantified and agreement has not been reached as to the exact nature
of the processes involved. However, it is generally conceded [2,3,4],
at lea!t for inclusions greater than 0.001 inch in diameter, that there
is a good correlation between inclusion size and fatigue life (i.e.,
the larger the inclusion under a given stress, the shorter the life).

The relationship between life and stress also is fairly well defined

a4

3 ; with one study [3] showing the total life to be inversely proportional
to the eighth power of stress.* To cover these two broad relationships,

a typical fatigue model was used:

| =g, (c-1)

where AK= AgV rta,

a = crack size,

5 N = number of cycles,

= crack growth rate,

AK = range of stress intensity factor,

E Ae = range of stress driving the crack, and

1 A,B = constants.

* It is interesting to note that power relationships of this order
occur frequently in crack initiation data for steels. Also, as
shown in plots of AK vs. da/dN for low crack growth [5],B, the
slope of the log-log plot, is large, and B= 8 is a reasonable value.
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Since life is inversely proportional to the eighth power of stress,

B is chosen to be 8. By solving Equation C-1 for AN and integrating,
the total life is found. 1If the final defect size is large compared

to the initial defect size, tﬁe final defect size will not significantly
affect total cyclic life and the total cyclic life may be simplified

to:

N = 1 __]_._ (C-2)
3;\(A;$)8 ai3

where ai is the size of the largest local material defect. The
value of A was selected so that the model would predict the results
observed for the actual engine bearings in the example.

Each element is divided into four regions-- (1) critical,
(2) surface, (3) deep, and (4) unstressed--to simplify the life calcu-
lation. Fatigue cracks in bearings are considered to be driven by the
shear stress, which varies with depth reaching a maximum in this ex-
ample 0.010 to 0.018 inch below the surface. The critical region is
defined as the region between 0.008 and 0.032 inch in depth and a
maximum shear stress of 50 ksi characteristic of the exemplar bearings
is assigned to any flaws falling in this region. The surface region
extends from the surface to 0.008 inch deep and the stress for this
region is 25 ksi. The deep region extends from 0.032 inch to 0.5 inch

with a stress of 10 ksi. All of these regions exist beneath the wear

Az
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track only, calculated to be 0.066 inch wide, with the remaining

volume of the races considered to be insignificantly stressed.
The balls contain no volume that is unstressed. Table C-1 summarizes
the volume in each of the four regions for each type element.
Each flaw in each region of the race is cycled each time a
ball rolls by. There are 20 balls in the bearing and assuming no
slip, approximately half of the balls cross a given point on the race
per revolution. Assuming a speed of 8,000 rpm, the number of stress
cycles per hour is 4.8 - 106 for a flaw in the wear track of the race.
For the balls, again assuming no slip, the number of cycles in a
revolution is about seven, where ball diameter is 1.125 inches and
wear track diameter at the center line is 7.8 inches. It is assumed
that the ball does not always rotate about the same axis, but that
it may drift or precess. Consequently, the wear track on the ball is !
estimated to be about 20 percent wider than that of the race, each
flaw receiving about five stress cycles per revolution.
By using the fatigue Equation C-2, the flaw size present, and
the number of stress cycles per hour, a life is calculated for each
region of the two elements in the bearing. In Regions 1 and 2, the
failure mode is considered to be spalling and the life calculated is
the life to spall. In Region 3 (deep), the failure mode is considered ;

to be fracture; with conventional in~service monitors, failure in this
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region leads directly to secondary damage. The shortest of the

three calculated lives is taken as the life of the bearing. The

general trends shown by the study are believed to be insensitive

to the details of the life model since the A parameter was selected

to predict the actual bearing failure rate of the example.

TABLE C-1 Region Volumes

Region Element 1 Element 2
1 0.026 0.045
2 0.077 0.130
3 1.5 12.1
4 25.0 0.0

d. Cost Factors

The bearing production costs are broken down into five
areas in Figure C-3. Based on the production experience on the
exemplar engine, 2 percent of the production cost goes to NDI,
10 percent for raw material, 25 percent for manufacture of the
bearing elements, 23 percent for etch and metrology inspections,

and 40 percent for handling and assembly.
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FIGURE C-3 Production cost breakdown,
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The in-service bearing failure costs when they occur are

much larger than the production costs. In the exemplar engine, the

T

cost to tear down an engine and replace the bearing is 57 times the
cost of a new bearing. The cost to shut down an engine in flight
because of a bearing problem or a suspected bearing problem is 43
times the cost of a new bearing. Hence, an in-flight detection of a
3 bearing failure and subsequent replacement of the failed bearing cost
is approximately 100 times the cost of a new bearing.

Approximately 2 percent of failed bearings lead to secondary
damage. When secondary damage occurs, the average cost is 710 times
; '~ the cost of a new bearing. These cost factors characteristic of the
exemplar engine are used in the model calculations.

5. Results and Conclusions

This engineering and economic study was conducted to establish

the cost effectiveness of various NDT methods for controlling aircraft

gas turbine engine main shaft bearing failures. The failure control
methods that were considered are:

Improved process control;

]

b. Improved raw material defect screening;

c. Conventional defect screening during bearing manufacturing:
d. Advancel in-flight monitors;

f. Additional in-service inspection or rework.

The model is based on the actual performance of main shaft bearings
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in a specific engine. The calculated cost performances of the
bearings with various failure control methods are given in Figure C-4.
In the figure, the bearing cost if no failures occurred (the bearing
production cost) is taken to be unity with the other accumulated
costs being expressed in units of the bearing production cost.

For the engine bearing considered in detail, the production
costs under conventional failure control made up less than 2 percent
of accumulated bearing failure costs. Over 90 percent of total
bearing cost was due to the high frequency and related cost of
removing failed bearings from service. The cost of replacing a bearing
after a ground inspection is about 57 times the cost to produce a
new bearing. The cost of shutting down an engine during flight because
of a bearing problem combined with subsequent bearing replacement is
100 times the cost to produce a new bearing. If the engine is damaged
(a rare occurrence from failed bearings) before the problem is dis-
covered, the cost is 710 times the production cost. The failure
rate of the main shaft bearings in the engine studied was such that
over half of all bearings put into service had to be removed prior to
engine retirement. The cost impact of the bearing failures is the

product of the frequency and specific cost of a bearing failure.

Clearly, the high frequency and cost of removing the bearing from
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service is dominant. The most obvious direction to take in reducing

overall cost is to reduce the frequency of bearing failures. Modifica-
tion in production that, for example, would double the bearing
production costs would be justified if these modifications led to

as little as a 2 percent reduction in the frequency of bearing
failures.

Given the high bearing failure rate and cost impact experienced
by the exemplar engine, a gquestion might arise as to the cost effec-
tiveness of the convention#l NDI used to eliminate defective parts
before they enter service. These magnetic particle inspections cost
less than 2 percent of the bearing production cost or 0.04 percent
of the total bearing costs (production and failure costs). The calcu-
lated effect of removing the magnetic particle inspection would be a
50 percent increase in the total bearing costs because of the resulting
increase in the frequencies of bearing failures. Thus, the money
invested in present NDI is well spent.

The cost savings that would accrue from improved defect screen-
ing were investigated by calculating the effect of installing an
improved NDI at the raw material level. The inspection performance
parameters used were based on expert opinion and metallographic study

on what performance has been achieved by an ultrasonic test in-

spection already developed for inspections of bearing raw material.
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The cost of operating this inspection is estimated to be less than

0.04 percent of total bearing cost. The resultant decrease in the

e sbe i

total bearing cost due to the consequential improvement in bearing
life was approximately 75 percent.
Improved raw material process control also was investigated.

Based on data supplied by bearing manufacturers, there are large

lot to lot variations in raw material quality. If this lot to lot
variation were eliminated, an 85 percent cost reduction would accrue.
An improvement in raw material cost by a factor of 10 would be cost
effective if it caused as little as a 2 percent reduction in the fre-
quency of bearing failures.

Due to the inaccessibility of the main shaft bearing the cost of
removing it is bound to be high. A significant additional cost is

incurred if the bearing causes engine shutdown in flight. About 15

s T ——

percent of bearings removed in service cause in-flight shutdown.

By installing a vibration monitor directly on the bearing housing,
it is anticipated that the in-service detection reliability can be
improved to the point that problem bearings are detected and removed
before causing in-flight shutdown. Such a monitor also would detect
some bearing problems that might cause engine damage. To test the
cost response of the system to such a device, an ideal monitor that

would detect all spalled bearings and 90 percent of the problems

leading to secondary damage was simulated. The net cost reduction
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was 25 percent of total bearing cost, which for the simulated engine
translates to approximately 13 million dollars per year.

Consideration was given to the question of reducing the bearing

f failure rate by life limiting the bearings and replacing them auto-

matically either once or twice in the life of an engine. Unfortunately,
| in the exemplar engine the bearing failure rate is more or less constant
i because of large variation in material quality. Hence, the replacement !
of used bearings with new bearings will not significantly affect

the bearing failure rate. In fact because new bearings have a
somewhat larger initial failure rate than bearings that have survived

some time, the introduction of new bearings may actually increase

e WL roa

the bearing failure rate.
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