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PREFACE

The workshop on "Wear Control to Achieve Product Durability' was held vnder the
auspices of the Office of Technology Assessment (OTA), U.S. Congress. It is but one
element in analyzing the broad Assessment on Materials Conservation in the manufacture
and use of products that OTA is undertaking at the request of the U.S. Senate Committee
on Commerce. The information obtained at the workshop by OTA will be incorporated in

its full assessment report to Congress.

The staff of the ARP/SLP Project Office of the Naval Air Development Center par-
ticipated in the conference planning and are currently engageﬁ in an active wear control
program for naval aircraft, with interest in the defining of additional research required
in: the life-limiting technology; the economics of wear and durability; the enumeration
of maintenance practices of the airlines; the discussions of how increased wear resis-
tance can be achieved; and the listing of the critical problem areas to be addressed. The
workshop provided valuable data in these areas and permission was requested from the
Office of Technology Assessment to publish the proceedings to assist the staff and to
provide information to the engineering community engaged in wear tontrol programs.
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SUMMARY

A. BACKGROUND

The Office of Technology Assessment, U.S. Congress, is analyzing the potential
for materials conservation in the manufacturing and use of products. This assessment
will determine at which stages in the materials cycle, materials can be conserved and

the potential economic and other impacts of such conservation.

One possible strategy for conservation would be to increase product life through
improved corrosion, wear, and fracture control. To explore the conservation potential
of increased product life, a workshop was held in Washington, D.C. on the 23rd, 24th,
and 25th of February 1976. This document presents the proceedings of that workshop.
(See Table A for Agenda.)

“IWear control was chosen as an example of a technology to increase product dura-
bility. Experts from the field of wear along with representatives from industry dis-
cussed the status of wear control technology and its application in the design and main-
tenance of a range of products (railroad equipment, automobiles, aircraft propulsion,
Naval aircraft structures, metal cutting machinery and tools, and heavy construction

equipment),

The questions specifically explored were whether product life could be extended by
improved wear control and what would be the cost and other consequences of such ex-
tension. These questions were explored from various viewpoints: (1) the status of
technology to support increases in durability, (2) economic considerations, (3) current
\

The fact that only a few products were studied limits the conclusions; however,

policies and programs, and (4) the methodology and information available.

these products are sufficiently representative of a cross section of industry so that the

question of product durability could, indeed, be qualitatively explored.




B. FINDINGS

1. Methodology of Economic Appraisal

A large amount of economic data was presented at the workshop establishing that
the real cost of wear can be evaluated for a range of products and/or industries. Such

information is essential to judge the need for and the significance of new technology.

No standard techniques for acquiring the real costs of wear are available. It is
not apparent that a standard technique would suffice; each product might require its

own separate analysis.

Stundard methodologies, however, are available for economic appraisals and
these could be applied to wear, corrosion or any other degradation process. Some
such procedures are: (1) National Academy of Corrosion Engineer (NACE) standards

for corrosion economies, and (2) Life Cycle Costing.

2. Wear Costs and Consequences

It is clear from information provided during the presentations and seminars of the
workshop that (1) data on the cost of wear in several different product areas are avail-
able, and (2) that cost appraisal standards or techniques have been developed for this
purpose. As expected, the greater part of this information is available from government
sources. However, further contacts with representatives from other product sectors

are expected to yield additional cost data,

At the workshop examples of specific cost data were presented. These data, if
shown to be general, would in themselves provide strong economic incentives for im-
proved product durability and therefore, for increased materials conservation. It is
recommended that such data be collected; however, it should also include the cost of
other product deterioration technologies such as corrosion, fatigue, contamination,
etc. A major source of such data would be the military which retains computerized
malfunction maintenance records. Some examples of specific cost data discussed at
the workshop include:

e Data on Wear Costs in Naval Aircraft, Data provided on the wear costs

in Naval aircraft show that the scheduled maintenance for wear for one
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aircraft amounted to $67 per flight hour; unscheduled maintenance $140 per
flight hour and overhaul $36. 87 per flight hour. Thus, the total cost of wear |
is $243. 87 per flight hour. This can be compared with the cost of fuel of |
$376 per flight hour. Data was also provided on the life cycle costing of !
Naval aircraft tires. The Navy uses 20,500 tires/year at a cost of $3, 48 per

landing for a total yearly cost of $1, 853, 200. ]

e Data on Wear Costs of Diesel Engines. Data provided on the diesel engine
maintenance and repair for 20 ships (120 engines) indicated that wear costs

were $38. 92 per ship per hour. Fuel costs were $75. 00 per ship hour.

e Data on Wear Costs of Tools, The purchased cost of high speed steel tools
(USA) was $470 million per year; carbide tools $435 million per year. It

was also learned at the workshop that the best estimates of the cost of wear
came from users rather than manufacturers of products. The relationship of
these costs to manufacturing design decisions was not defined. However, it is
not unfair to generalize knowing the above facts that where responsibility is
divided between the user and the manufacturers the chief concern of the latter
is marketability, with durability being an indirect consideration.

It is clear from the data presented that ignorance as to the wear status costs a

significant amount not only from the resultant necessity to overdesign but also from the
discard of components. Another important factor regarding wear costs brought forth at
the workshop was that few product areas use life cycle costing; and those areas which do
use it employ it only at certain stages of their decisionmaking. Also, there is little
agreement as to how the appropriate interest rate should be calculated in order to com-
pare different development and procurement plans from the present worth point of view.
Present high rates of interest tilt decisions to labor intensive rather than capital inten~
sive projects, with a resulting loss in concern for product durability and hence wear
control. The possibilities of technological obsolescence further aggravate the problem.
Those responsible for development and procurement are frequently career people who
will move on and whose current responsibility is to keep down capital costs, ~- not to

assure succeeding low cost maintenance programs.

Thus, the above findings, which are but representative of the material that was
covered during the workshop, all point to the fact that wear considerations cannot be

isolated from the other considerations that go into the design of consumer products.
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Wear control simply does not appear to be a primary goal anywhere. Since respon-
sibility for wear control changes hands as the product changes hands during its life
cycle, life cycle costing will not be used. The heart of the analysis of wear and wear
programs, or the lack of them, lies in the understanding of the objective functions of

the producers and the consumers as well as the constraints under which they operate.

3. State of the Technol

It was pointed out at the workshop that tribology, the branch of science concerned
chiefly with improvements in wear control for greater product durability, has not
received sufficient attention in U.S. academic, industrial, and government institutions;
however, the benefits of increased emphasis have not been defined sufficiently by the
scientists involved. Further research in the field of wear could result in improved
techniques to control damage resulting from sources such as contamination, vibration,
misalignment, etc. Thus, the most pressing need is for a centralized source of in-

formation on wear control technology which can be effectively used in product design.

At the same time, however, the U.S. is not currently technologically limited for in-
creasing product durability since many newly developed techniques are now currently
used by industry. Implementation of this technology in design and maintenance varies
from one product to another and one industry to another and is generally limited de-

pending on many other factors including cost effectiveness.

At present, several professional and technical societies sponsor activities which
contribute to and facilitate efforts to control wear. Some examples of these societies 3

are as follows:

e American Society of Lubrication Engineers (ASLE) documentation of Wear
and Failure Costs;

e American Society for Testing Materials (ASTM) Committee G-2 erosion and
wear;

e Mechanical Failure Prevention Group (MFPG) sponsored by the National
Bureau of Standards; and ¥

e American Society of Mechanical Engineers (ASME) Lubrication Division
and Research Committee on Lubrication.
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Existing technology is shared by various manufacturers or industries by com-

munication with each other through these societies.

It was also noted that support programs oriented toward tribology and wear control
are sponsored by the National Science Foundation, the Advanced Research Projects
Agency of the Department of Defense, the Office of Naval Research, the National Bureau
of Standards and the National Aeronautics and Space Administration.

4. Product Durability

Concise definitions of product durability are not available; however, it relates both
to the maximum life achieved and the ability of the product to survive both normal and
abnormal usage. High product durability appears desirable from the point of view of
reliability and materials conservation; however, in practice this is achieved usually
at a higher purchase price. Secondly, longer life products may have a tendency to

reduce the application of technical innovations.

A definition of optimal durability was not established during the workshop on wear
reduction. However, optimal durability is a function of the relationship between the
discounted present value of the benefits to society from having the product provide
services in its primary function for the time period, and the present value of the full
social costs to society of keeping the product in its primary use for the same period of

time.

The conclusions of this workshop indicate that considerable improvement in the

durability of some products can be achieved if desired. The question which ultimately

must be answered is whether increased durability is worth the added costs to the
consumer and whether it can be effectively achieved, Product durability is the pre-

rogative of the consumer. It is available if he wants and demands it.

During the workshop several different actions were discussed which could lead to
improved durability.

e Industries wherein close-working relationships exist between manufacturer
and user, e.g., the Bell System and the heavy construction equipment
industry, could provide an active feedback system yielding improved dura-
bility of products.
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e Inspsction requirements and inspection frequency may be utilized to achieve
increased product useful life, e.g., based on data from Sweden, and a com-
parison of states in the U.S., with and without periodic motor vehicle in-
spection (PMVI), median car life was shown to be extended as a result of
PMVI programs.

e At the workshop, active and productive product-durability programs were
reported by the Navy Department. These programs, which have designated
the Analytica}j-Rework and Service-Life Programs, are concerned with:
(1) impacting life-cycle cost for reducing the cost of aircraft maintenance;
(2) application of new technology to aircraft repair-rework aimed at in-
creasing service life and improving performance/safety /quality; (3) con-
ducting the optimum strategy for a more efficient application of materials
and processes generated under the Analytical Rework Program (ARP) in-
cluding methodology for increased utilization of the improved technology

( during initial manufacture; and (4) component and product durability can be
increased through the application of the rapid and precise nondestructive
inspection techniques (with the minimum disassembly of components) cur-
rently available.

Product life, however, is often not limited by product durability. For example,
many products are removed from service which still have some remaining useful
life. Among the reasons for early product retirement are the: (1) cost of operation,
or repair, (2) productivity or functionality, (3) aesthetics, (4) accidents, (5) physical
loss, and (6) style preferences. Nevertheless, the extent to which useful product life
can be extended without increased product durability is now known. The primary factors
which can affect useful product life are: (1) use, (2) environment, (3) maintenance,
(4) procedures, (5) personnel qualifications, (6) inherent durability, (7) design,
(8) manufacturing process, and (9) material characteristics.

In addition, product durability is only one approach to materials conservation. Due
consideration should be given to other approaches. At this workshop, materials wastage
in manufacturing was frequently cited as one means of achieving materials conserva-
tion and should be investigated.

5. Capital and Labor

From the manufacturer's point of view there are many restraints in the develop-

ment of a product: performance, safety, development cost, schedule, energy consumption,
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maintenance costs, first costs, appearance, styling, and durability. These restraints
must be balanced in such a way as to find widespread consumer acceptance. Where
durability has a high value to the consumer, that attribute will be accentuated in the
product. Even without this demand, the manufacturer has compelling reasons for
maintaining high durability standards. First and foremost, a good service record for
durability helps to insure that the customer will return. This is particularly true for

industrial consumers who maintain detailed maintenance records and perform com-

ponent evaluations.

The manufacturers in general cannot design for a given product life. However, they
do know and keep records of service problems (warranty oi otherwise) and strive to

eliminate these. Where there is a close working relationship between the manufacturer

and the user, more success and greater durability result. However, the manufacturer
is limited in this regard since he seldom has information on the life of a product or a
component based upon the service condition in which it operates. Thus, it can be con-
cluded that the acquisition and distribution of such data would provide a necessary base
to initiate the engineering development actions for achieving increased product dura-
bility.

The results of this workshop sugges: that it is primarily the consumer who deter-
mines product durability. First of all, in a free market system, products reflect
consumer demands. Secondly, evidence presented at the workshop suggests that many
failures are service related and that product durability is often a function of the kind
of usage and maintenance it receives rather than its design related deficiencies. Market
surveys have shown that product durability is very high on the list of customer wants.
However, consumers are generally not willing to pay more for increased durability and
often when given the choice, they select the lower cost, less durable items (e.g., power
tools are often made in different quality lines; even professionals often select lower cost
quality). It was further pointed out at the workshop that even sophisticated corporate
"buy" decisions of capital equipment are based upon maximizing the immediate cash

flow (net present value computation) to the company. Thus, longer life at increased cost
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achieved by greater durability will not be sufficient justification for purchase. The

incentive to buy must be lower operating or maintenance costs since these directly

influence cash flow,

Thus it seems clear, based upon the conclusions of this workshop, that one point
of action for increased durability is the consumer, and two areas of appropriate in-
vestigation concern maintenance cost reductions and improved durability at equal cost.
Programs which identify and correct service related malfunctions, for example the
Navy's Analytical Rework Program, should be encouraged since they achieve the above

mentioned goals as well as provide reciprocal information to the manufacturer.

Another incentive for the consumer would be the further acquisition of cost data.
At this workshop, wear costs were shown to be surprisingly high in a variety of pro-
duct areas. The same can undoubtedly be said for corrosion, fatigue, and other dura-
bility factors. If consumers realized these costs, they might be prompted to take
remedial action. It was also pointed out at the workshop that there are acceptable
techniques for both assessing durability (wear) costs and in determining how changes
in durability would result in system cost savings (cost modeling, economic system
analysis) for a number of products.
6. The Life Cycle

Product life is not a clear concept. As an individual product reaches the end of its
useful life (as determined by its owner), it is not necessarily scrapped. A product may
be reconditioned or rebuilt. Or, when a product is finally consideved unuseable, it may
be used as a spare part for a similar model. Thus, it is possible to recycle parts as
well as materials. It was also learned at the workshop that scrapped products and com-
ponents could not be considered waste. For example, the majority of workshop partici-
pants felt that for those products considered the recycling of materials reached 80 to
90 percent. Thus, while recycling can sometimes result in a combination of materials
having different properties, it cannot be considered waste. Furthermore, scrapped

products often find value as completely different products.
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It should also be noted that the workshop participants expressed one area of
concern regarding product life. It was reported that inventories for spare parts often
reach a high of 20 to 1. Such an excess in inventory could cause severe economic loss.
It was decided that this subject should receive careful consideration in the final assess-

ment on materials conservation.

7. Materials Wastage

It was also found at the workshop that except for spare parts, wastage due to poor
product durability seemed small for those products considered. Those products that do
not enter the spare parts inventory are often recycled. And, as the supply of material
decreases, one would expect more use of spares and more recycling. It was felt by the
workshop participants that specific areas of possible wastage should be identified and

corrections should be made when possible.

8. Significance for Research

Although this workshop was called to explore the questions of wear, product dura-
bility and materials conservation, certain implications for research become obvious when
that work is taken in its broadest context. A great proportion of the research undertaken
in this country has been related to innovation; that is, finding new ways to accomplish a
stated objective. Composite materials are a good example of this type of research. Much
less attention has been devoted to disciplines such as wear, mechanical failures, cor-

rosion, fatigue, etc., which affect our knowledge of such factors.

It is clear from the results of this workshop that the wearing of materials produces
significant costs in the overall materials cycle. And even more particularly, wear de-
grades performance so that much of the original value of the product is lost. An emphasis
on wear research, particularly those studies which emphasize predictive capability,
would be desirable. This emphasis need not be limited only to wear but to all life limiting
technologies. Product durability and life prediction are basically the same concept and
increased durability will not be attainable without better concepts of component life.

Improved knowledge of component life and the factors which affect it would not only

lead to improved durability but allow tradeoff decisions to be made relative to such
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factors as materials conservation, life cycle costs, reimbursement for defective
products, maintenance costs, net value, and depreciation. At the present time, these {
are largely guesses.
Life prediction need not be a Br_ig_r_i_. Diagnostic techniques such as those being
used on Naval aircraft should be further developed. Estimates of product life remain-
ing allow ''use'" decisions to be made which result in longer life and improved utiliza-
tion. Research emphasis on this subject could lead to considerable improvements in

materials utilization.

A greater priority could be given to research that extends product life. That is,

(1) Improved research aad knowledge on what malfunctions actually limit
product service life.

(2) Increased research on those technologies responsible for life determination
such as wear, fatigue, etc.

(3) Increased support of research which allows estimates or predictions to be
made of product and component life.

(4) Expanded research on the subject of diagnostic instrumentation which will
allow residual life estimates to be made. : 1
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PART ONE: WORKSHOP SUMMARY

Part one of the proceedings contains two chapters.
Chapter I presents background material to the workshop,
and Chapter II presents the Chairmen's Reports for the
six seminars held on wear-control technology in dif-
ferent product areas.
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CHAPTERI1

INTRODUCTION

Of the many strategies that may exist for materials conservation through reduced

wastage, one that is often suggested is increasing product lifetime. Products are lost

to service for a variety of reasons. These may be classified as follows:

Immediate loss. In this case there are included products which are lost

to service immediately upon use, the most familiar example being the
beverage can. Some of these are recycled after use; others are not,

Catastrophic loss. Here there is included loss of products to service by
such natural disasters as earthquakes and tornadoes, and such man caused
disasters as fires and accidents. The material in many such products is
recycled.

Irretrievable logss. Here there are included such losses as ship sinkings,
and lead in ammunition. The material from such losses cannot be recycled
with any available technology.

Reversion loss. This may be defined as the conversion of a material during
the use of a product into a form which can no longer be recovered. Examples
are the rubber lost from a tire during its use (presumably lost as gaseous
products or particulate matter) and the reversion of a metal to its oxide
during corrosion. In the latter case some of the metal can be recovered.

Obsolescence. This is one of the major reasons for loss to service. It may
be defined as loss of a product which can still perform the function it was
designed to perform as well as when it was first made but is replaced be-
cause a new product can perform it more economically.

Wear out, This may be defined as loss to service because a product can no
longer carry out its function, and its economic value has decreased to the

point where repair is not undertaken. Wear out is thus essentially an economic

consideration, but the necessity for having to make this decision is caused by
a degradative process. Corrosion and wear are two of the most important
causes of wear out.

In consideration of the above factors an assessment approach was formulated to
include the possibilities for materials conservation by increasing the durability of

products through the control of corrosion and wear process. Wear and corrosion were

combined because they are two of the most important processes for products made of
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metals. It was also recognized that for both corrosion and wear, control can be
affected at two stages: during design and manufacture, and during maintenance. Con-

trol of corrosion and wear at these two stages can lead to quite different policy options.

To explore the conservation potential of increased product life a workshop was :
planned to provide an information forum on the availability of data for the quantification '
of wear technology. The data derived from the workshop will help to define the state
of technology including economic appraisals, technology transfer, wear control pro-

grams and materials impact prior to further pursuit of the assessment.

The assessment of materials conservation focuses primarily on the manufacturing
and use phases of the material cycle; namely, those phases of the cycle primarily

concerned with materials utilization, and where high potential exists for conservation.

The scope will be limited to a selected list of materials and several representative
product sectors. These are to be ascertained in the assessment and may include, for
example, copper, chromium, and nickel as they are used in consumer durables, in-
dustrial equipment, aircraft, railroad rolling stock, and metalcutting and tooling.

A. WEAR AND PRODUCT DURABILITY

Wear, along with other degradative processes like corrosion, ultraviolet degrada-
tion, mildew, rot, etc., is a process that controls the lifetime of products and whose
control can increase product durability. As stated in the ''"Proposal for a Wear Control
Handbook'' (ref. 1): "With improved use of available control technology, component life
could be extended with subsequent reductions in maintenance costs and lost productivity. "
The summary also states that, for the past 30 years efforts were directed toward in-
novation in materials and design to reach new technical objectives. Little regard was
given to such items as environmental quality and the conservation of materials,
energy and human resources. However, there are now increasing pressures to con-
serve these resources. Conservation can be in part achieved by longer-life equipment
which is directly dependent on the wear of components. Longer-life components would
conserve strategic materials, conserve the energy to manufacture them, allow them to
be effectively reused, and prevent the excess accumulation of scrap due to the wear
of a few critical components.
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Not only is wear important in determining product durability, but also its action is

costly and has other undesirable consequences. For example, the National Commis-
sion on Materials Policy (ref. 2) estimated that wear cost the Nation 15 billion dollars
per year in materials cost alone. Further information comes from a working group
responding to the United Kingdom's Department of Education and Science (ref. 3)

which found that with (1) increasing mechanization and automation, (2) greater use of
capital-intensive equipment and (3) higher production rates, breakdowns and mechanical
failures were becoming increasingly costly. The principal reasons included corrosion
and wear with the latter being the predominant factor. Also, the report of the third
Henniker Conference of National Materials Policy (ref. 4) discusses Federal encourage-
ment or support of greater utilization of technological and manufacturing innovations

and processes which have materials savings capabilities. Wear is listed as one of the

three major technical areas affecting utilization of materials and reduced costs. Section
I of the National Academy of Sciences ieport, '"Mineral Resources and the Environ-
ment" (ref. 5) cites increased durability and maintainability of products as important

tactics for implementing a conservation ethic.

These reports all support the view that control of wear processes can extend the
durability of products and that wear is a process that is of considerable cost to the

economy. Its control can conserve materials and reduce costs.
B. WEAR CONTROL

Wear is important in many applications of metals, and its control has developed
into a sophisticated technology. This technology can be divided into two broad cata-
gories:

e Technology concerned with design and materials selection, and

e Technology concerned with prevention and maintenance.

Both catagories are considered in managing wear control, and various alternative
approaches present themselves for dealing with these. In fact, the methods for choosing
among the various approaches have themselves become a well formulated discipline.

Typically one must decide whether an inexpensive but short-lived product or a more
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expensive long-lived product should be used. This and similar questions can be
answered definitely only when the technical options and the costs associated with
them are well-defined. Frequently, the answers are based on modern accounting
techniques, with taxation policies being important in determining the outcome. The
accounting is different for industrial capital equipment on the one hand and consumer

items on the other. Rarely do the ''externalities'' enter into the decision.

However, even with these approaches available, optimum wear-control measures
are not always followed. Examples of unscheduled equipment failure due to wear are
all too numerous, and many of these could have been foreseen and corrected either in
, the design stage or with improved procedures for mainterance or prevention. Such
equipment failures cost the economy money in lost production time, often have serious
public safety consequences, and serve to increase materials consumption, i.e., they
are one aspect of what has been called "material wastage''. It is this latter point
dealing with the conservation of material resources, which has been the impetus for

establishing the present workshop on ''wear'.

The Workshop was designed to explore specifically the material/economic costs

of wear to the economy, some aspects of the state of application of wear technology,
and the possibilities of increasing product durability by the control of wear; but most
of all, its purpose is to ascertain the impacts of increasing durability in order to

improve material conservation.
C. WORKSHOP DESCRIPTION

The intent of the workshop was to obtain information on the state of technology
in wear and corrosion control and to determine the availability of data. In addition,
the workshop attempted to collect data and information on the costs of wear and
corrosion in various industries for various products. Such data will be important

in assessing the full economic costs of corrosion and wear processes.

I-4
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1. Scope

Because the full range of products in U.S. industry could not be covered, the
Wear Workshop was limited to the following selected products:

a.
b.
c.
d.
e.
f.

These products were selected on the basis of: (1) their importance in their given sector,
(2) their importance in the consumption of materials, (3) their exemplification of dif-
ferent design philosophies, (4) the potential for improvement in, and (5) the variety of

Automobiles and Automobile spare parts,

Naval Aircraft Structures/Materials/Components,
Aircraft/Aircraft Propulsion Systems and Components,
Metal-Cutting Machinery and Tools,

Railroad Rolling Stock, and

Construction Equipment

e Rubber-tired earth-moving equipment

e Trace-laying tractors

causes leading to replacement.

2. Structure

The Workshop included three sections. Section I covered a series of lectures on
the key issues followed by several short presentations describing industry commercial
policies for wear control and product durability. Section 2 encompassed a number of
seminars on consumer products and capital equipment. Representatives of manufacturing

and user groups were included in each seminar, It was intended that each seminar

address a specific product area. The chairman of each seminar prepared a summary
report of the findings/recommendations. The reports were presented during Section 3
to all participants of the Workshop for comment, review, and critiques. The various

sections in detail are as follows:

The Expository Session. Lectures were presented on the following topics:

1. The Cost of Wear and Its Control,
2. Methods of Technological Life-Cycle Cost Accounting,
3. The Economics of Durability,
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4. The UK Experience in Tribology, and ‘

5. Specific Wear Control Practices and Policies in Various Industries
and in Various Sectors of the Economy.

b. The Seminars, Each seminar covered one of the product areas listed above.
Each consisted of 10-20 participants with a chairman. The chairman prepared
a report based on the discussions in the seminars that attempted to answer
the following questions:

(1) What are the material and economic costs of wear in your industry cr
for the product under discussion? Cost should be considered to be the

following:

e Replacement costs when replacement is required because of wear;
e Scheduled maintenance costs; and

e Unscheduled maintenance or repair costs. These costs should in-
clude lost materials and production time because of unscheduled
failures. It was recognized that for a given state of technology
certain irreducible costs will be incurred in controlling wear. The
intent of this discussion was to determine what these irreducible
costs are and how well they are approached for the products under
study. It was also recognized that a workshop such as this can only
give semi-quantitative estimates of costs but an attempt should be
made to be as quantitative as possible.

(2) Are optimum wear-control procedures followed in your industry ?
Under this the participants considered design practices and maintenance
practices.

(3) If optimum procedures are not followed, why not ? Participants specifically
considered the following possibilities for lack of optimum wear control:

e Lack of knowledge and technology transfer;

e Lack of adequate maintenance and revpair practices, or their
availability; and

e Any taxation or accounting practices that might inhibit optimum
wear control and hence product durability,

(4) Could products be made to last longer with improved application of
technology ? How much longer ? Would there be a net increase or a
decrease in costs ? Could this be brought about by new design practices
or new maintenance and repair practices ? What would the material
savings be ?

(5) Is any form of life-cycle costing used with regard to the product under
consideration ? What specific methodology do you use ? Specify other
methodologies for economic appraisal known to you.
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(6) Does your industry have an established wear control/reduction and
costs program ?

(7) How is existing wear control technology implemented ?

c. Review and Critique Session, Seminar chairmen reported on the results of
their seminar for review and critique by all other workshop members.

REFERENCES

"Proposal for a Wear Control Handbook'™ American Society of Mechanical
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National Commission Materials Policy, N and the E n t
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Committee on Mineral Resources and the Environment (COMRATE). Mineral
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CHAPTER II :

CHAIRMEN'S REPORTS* '

This chapter presents the Chairmen's Reports for the six seminars held at the
Workshop on Wear, February 23-25, 1976. As stated in Chapter I, each seminar
covered one particular product area: (1) Automobiles and Automobile spare parts,

! (2) Naval Aircraft Structures/Materials/Components, (3) Aircraft/Aircraft Pro-
pulsion Systems and Components, (4) Metal-Cutting Machinery and Tools, (5) Rail-
road Rolling Stock, and (6) Construction Equipment.

The Chairman for each seminar prepared a report. These reports contain a re-
view and critique of those subjects discussed in each seminar. Any conclusions or
recommendations that are stated in the Chairmen's Reports are those of the respective
Chairman and should not be attributed to the Office of Technology Assessment or to

the Congress.

A. CHAIRMAN'S REPORT FOR SEMINAR #1 -- AUTOMOBILE/SPARE PARTS

1. Highlights of Seminar #1

Automobiles remain in service for many years. During that time, the general
conditions under which they operate may change. For example, the general state of
street maintenance varies as a consequence of available funds, speed limits change
and usage of thawing salts has increased. There are changes in available fuels and
lubricants. Some of these changes may not be foreseen at the time the vehicle is
developed and introduced into the market. The vehicles are used in a broad spectrum
of climate, topography, maintenance, driver characteristics and other factors that
affect durability. As a result, they are consumed at different rates due to circum-
stances that are not controllable by the manufacturer. The importance of wear as a

*A more detailed account of the seminar discussions together with a list of
participants are presented in Chapters VII-XII.
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factor contributing to retirement of vehicles from service is unknown. It is judged to
be less important than obsolescence, sheet metal corrosion and cumulative collision
damage. It is theorized that more passenger vehicles are scrapped because the cost

of cosmetic repairs or new tires exceeds their current market value, rather than out
of consideration for the state of wear or repairability of the power train and running

gear. There is not agreement on this point and it merits further examination.

There has been a growing trend toward reduced auto maintenance and repair
service at the large self-service or minimum service gasoline stations. This trend,
however, has been offset by increased service being made available through the
introduction and expansion of auto service centers in major retail outlets, e.g., .
Sears, Montgomery Ward, K-Mart, J.C. Penney, etc., and by increased service
capacity in existing automobile dealers. Vehicle owner education regarding main-
tenance and minor repairs is one important area in which the ultimate costs of
maintenance and repairs may be reduced. To this end the owner's manuals have been
improved tc make them more understandable. If it becomes evident that consumers
want more technical information, the auto manufacturers can readily provide additional
information. It is also possible that adult education courses could be instituted to
educate people on proper automobile operation and how to perform minor maintenance.

The automobile industry is continually improving diagnostic equipment and tech-
niques as an offset to the increasing complexity of the modern car and to provide a
significant improvement of the repair and maintenance function. This equipment, how-
ever, is only as good as the auto mechanics that operate it. There is some indication
that the life of replacement parts in some cases may be a function of the quality of the
repair work rather than the quality of the part. This would place further emphasis
on the improved training of auto mechanics. Greater participation by auto mechanics
in such programs as the National Institute for Auto Service Excellence Certification
(NIASE) is desirable. Another example of the means of upgrading service personnel
is the method employed by some auto manufacturers of sending them dealer service-
personnel service bulletins and training publications which reflect the latest techniques
in identifying and servicing automobile problems.
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There are indications that some mandatory inspection systems have resulted
in extended car life. This conclusion has been drawn from comparisons of the auto-
mobile in Pennsylvania and Illinois, and Virginia and Maryland. Pennsylvania and
Virginia, which have had periodic inspection programs for many years, were
compared, respectively, with Illinois and Maryland, which do not have such programs.
By comparing Pennsylvania with Illinois and Maryland with Virginia, car lonéevlty
was evaluated in pairs of states whose size, climate, income distribution and degree
of industrialization are comparable. It was found that median car life in the states
with inspection programs, Pennsylvania and Virginia, was 7 months and 20 months
longer than in the respective noninspection comparison states of Illinois and Maryland.
This information was described by D.J. Barrett in his paper entitled, '"Automobile
Durability' presented on February 23, 1976, at the OTA Workshop on Wear Reduction.
There are statistics to show that fleet owners in states requiring inspections do pur-
chase more replacement parts for the brakes, front end suspensions, and exhaust
systems than those owners of comparable car fleets in states with no inspection. The
potential for material conservation through periodic motor vehicle inspection programs

warrants further study.

Advancements in vehicle durability in recent years have been accompanied by
significant reductions in the need for scheduled maintenance. Part of this reduction
can also be attributed to the improvement in lubricants and lubrication techniques.
Further improvement in scheduled maintenance can be anticipated from further re-
search in lubricants, including the use of synthetics, and improved product and
component designs. Moreover, new developments in metallurgy and seal technology
also should lead to further increases in the intervals between scheduled maintenance.

Unscheduled maintenance and repairs are expected to benefit from the same
factors that have improved the scheduled maintenance situation. There are some
data which indicate that unscheduled maintenance and repairs account for two to three

times the cost of scheduled maintenance.

Data from one fleet operator show only about one unscheduled major repair per
car in a 300-unit fleet in the first 35,000 miles per car. (This data is shown in
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Table II-1,) This represents the experience with one or two types of vehicles in a
particular fleet. Wear experience is known to be different from fleet to fleet and
between vehicle types. Vehicles produced for lease and rental fleets now constitute
about 20% of total vehicle production. Much more fleet and nonfleet vehicle data is
available and should be assembled to arrive at an even better understanding of the
importance of automobile wear with respect to material wastage. The Department
of Transportation publishes a report periodically entitled Cost of Operating An
Automobile and it is an excellent source of maintenance cost data experienced by

individual car owners.

2. Answers to Specific Questions Addressed in Seminar #1

The participants of seminar #1 answered those questions stated in Chapter I,
Section 2(b) in regard to automobiles and automobile spare parts. The answers to
the questions follow.

Question I --

What are the material and economic costs of wear in the automobile spare
parts industry ? Replacement cost., When replacement is required because
of wear, it is not known at the time. However, the cost of material (in its
original state) is low in relation to the complete cost including labor.
Recovery of metals from retired vehicles and worn parts is estimated to
be more than 95%1. Zine, aluminum and copper are separated during re-
covery; whereas, generally chromium and nickel are embodied in the re-
cycled steel. There are, however, some more sophisticated auto shredders
which do separate out the chromium and nickel. No doubt this practice will
be more widespread in the future. Eighty-two percent of the automobiles
retired were recycled during 1965-73. During 1973-74, more vehicles
were recycled than were retired from serviceZ: 3. This resulted in a
reduction in the national inventory of junk vehicles.

1"'I‘he Automobile as a Renewable Resource, ' L. R. Mahoney and J.J. Harwood

Resource Policy, 253-265 (1975).
2"Analysis of Materials in Automobiles," R. L. Polk, U,S, Department of
Transportation, T n S Cent Report No, PM-T-46 (1975).

31975 Almanac Issue, Automotive News, April 23, 1975, p. 71.
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TABLE II-1, THIS SURVEY* CALCULATED ON 300 UNITS
TRAVELING 10,000,000 MILES

28% Had Transmission Failures
60% of 28% Failures Before 50,000 Miles
1% of 60% in Warranty

6% Had Radiator Failures
74% of 6% Failures Before 50,000 Miles
13% of 74% in Warranty

14% Had Water Pump Failures
75% of 14% Failures Before 50,000 Miles
6% of 75% in Warranty

5% Had Fuel Pump Failures
75% of 5% Failures Before 50,000 Miles
16% of 75% in Warranty

4% Had Valve Jobs Failure
40% of 4% Failures Before 50,000 Miles
20% of 40% in Warranty

14% Had Starters Failures
80% of 14% Failures Before 50,000 Miles
8% of 80% in Warranty

8% Had Differential Failures
64% of 8% Failures Before 50, 000 Miles
8% of 64% in Warranty

11% Had Master Cylinder Failures
85% of 11% Failures Before 50,000 Miles
6% of 85% in Warranty

16% Had Power Steering Failures
66% of 16% Failures Before 50,000 Miles
3% of 66% in Warranty

*Provided by the Superintendent of T ransportation
Baltimore County, Maryland ~
concerning a fleet made up cars of two manufacturers.
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e Scheduled maintenance cost is estimated at 1¢/mile; this is
based on fleet operation.

o Unscheduled maintenance or repair cost is estimated in the order
of 3¢/mile, depending on size, the cost per mile ranges from 2.5

to 3.4 cents, see Figure II-1. Based on 100 million cars on the
road, scheduled and unscheduled maintenance and repair costs
amount to about 40 billion dollars per year.

Question 2 --
optimum w ontrol cedures followed in the automobile/s

parts industry ? In terms of design and maintenance specification, sound
engineering practice is used. In addition, the major manufacturers have
substantial in-house research programs in the areas of design and wear
control. Knowledge gained is communicated to the rest of the industry and
other industries through the appropriate technical societies. In terms of
actual maintenance and operation by owners, practices are variable.

Question 3 --
If optimum procedures are not followed, why not?

e Decrease in repairs. Manufacturers are continuing to strive for
a decrease in repairs. There are definite improvements in the life
of components such as alternators, batteries, tires, radios, which
have been in production for long periods. The owner's adherence to
recommended maintenance and repair practices are variable.

e Taxation, It is not obvious that any taxation practice would be
helpful at this time.

Question 4 --

Could products be made to last longer with improved application of technology ?
Significant improvements have been incorporated in vehicles during

the past 20 years which have increased the potential life of components
and the total vehicle. However, actual life of vehicles has remained
relatively stable. During the period 1955-1965, based on R. L. Polk's
data, 95% of the automobiles are still registered after 10 years. It
appears that this 10-year trend will continue. The potential life of
automobiles can be improved with applications of technology and efforts
continue to be made.

B. CHAIRMAN'S REPORT FOR SEMINAR #2 -- NAVAL AIRCRAFT STRUCTURES/
MATERIALS/COMPONENTS

1. Highlights of Seminar #

Product durability represents a major goal of two programs being sponsored
by the Naval Air Systems Command viz.

I1-6
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e Analytical Rework Program

e Service Life Program - NavAir Program directed by Captain G. Klett for
Service Life Extension was also described in depth.

Waear control represents one of several thrusts to achieve improved product
durability and includes (a) new technology for wear reduction; (b) improved wear-
prevention materials and implementation of procedurés for reducing wear (technology

transfer).

The cost of wear has also been the subject of recent studies and examples of such

costs are as follows for one aircraft through one service period:

ate/O ational Level
Component Maintenance (Unscheduled) $140/flight hour

Component Maintenance (Scheduled) $ 67/flight hour
Depot Rework:
Component Rework (Concurrent) $ 20/flight hour
Discrepancies 1.70/flight hour
Tech Directives 12, 87/flight hour
Materials 3. 30/flight hour
Total Cogt for Wear $245/flight hour
Total Cost for Fuel $376/flight hour
Examples of the total yearly cost of wear on other components:
(1) Attack Aircraft (T/M/S) Autopilot Servovalves $ 100,000
(2) Fighter Aircraft (T/M/S) Brake Wear 2,081, 000
(3) Attack Aircraft (T/M/S) Brake Wear 789, 000
(4) Attack Aircraft (T/M/S) Speed Brake Actuator 91, 760

This data represents the direct cost of wear and does not include such informa-
tion as overhead costs, down time, support and supply system costs and spare parts.
However, a logistic support analysis technique is available which can take such

factors into account. Using this technique, any given proposed life improvement of
a component can be quantified as to the total cost benefits to the Navy system. Thus,
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it is concluded that the economic benefits of increased durability can be determined
using present methods for much Navy equipment and by inference for other military

equipment as well.

It is concluded that military wastage as scrap is small. Amost all materials
except titanium are recycled. In addition, manufacturers have active programs to
optimize the use of material, for exathple by using damaged materials in less critical
applications and optimum metal cutting procedures. The only recognizable wastage

L | is that due to an excess of spare parts required for logistic support. Improvements
in wear and durability can have a direct impact on the number of spares required. :‘:

Less spares represent not only reduced materials but also considerable savings in

logistics support costs. Therefore, a significant impact can be achieved in materials

conservation including precise estimates of the materials saved.

Life-cycle costing represents the most realistic approach to economic estimates
concerning acquisition and ownership. This subject was reviewed in depth during
a recent 3-day meeting sponsored by OSD and the proceedings can be made available
for review/implementation. In terms of reducing life cycle costs, wear reduction

procedures for minimizing maintenance requirements can produce a major benefit.
An example of this is life cycle costing of Navy aircraft tires. An example of costs
involved for a main gear tire:

Planned Failure Rate -- 26 Landings/Tire

Basic Tire Cost - §$70.40 Yearly usage - $ 20,500
Labor Cost - $20.00 Cost/landing - $ 3.48
| Total Cost/Tire - $90. 40 Total Yearly Cost - §1,853,200

Worn Navy aircraft tires are not discarded. Because of the wide interest in
conserving materials and dollars, the Navy requires that all new aircraft tire car-
casses be designed for multiple rebuilding. The rebuilt tire, when returned to ser-
vice, provides additional landings equal to those of the original new tire at approximately

one-fourth the new tire cost. Numerous tire-carcass rebuilding ensures maximum
utilization of the original tire carcass at minimal cost.

I1-9




The life-cycle cost concept for Navy tire procurement has motivated industry to
provide tires which have progressively improved tire performance and reduced main-
tenance man-hours. It has also resulted in greater safety, as well as improved con-
servation of imported materials resources. Life-cycle costing for aircraft tires has
significantly increased tire reliability while effectively reducing operating cost.

The participants in seminar #2 answered those questions stated in Chapter I,
Section 2(b) in regard to naval aircraft structures/materials/components. The

answers to the questions follow:

Question 2 --

Are optimum wear control procedures followed in the naval aircraft

structures/materials components/industry ? In evaluating the question of
the application of optimum procedures for wear control, the following

constraints require recognition:
e Lack of accepted wear control design procedures,

e Lack of an effective feedback mechanism to implement improvements
from maintenance actions to new production or manufacturing,

e Timeliness of specifications/handbooks.

In further pursuit of the question, the Navy Program employs a continuous liaison
effort involving experts from industry, universities, research institutes and govern-
ment in wear-related maintenance problems. Such effort represents one method in
attempting to employ the most effective (optimum) wear procedures. Some recognized
limitations of optimum wear control methods include: (1) methodology of technology
transfer, (2) availability of processing equipment, and (3) training.

Results achieved under the Navy Program have adequately demonstrated that
equipment and components can be made to last longer with the application of available
technology, e.g.

Part Designation Results
Cutting tools 400% Life Increase
Control cable 100% Life Increase
Electrical connectors 400+% Life Increase
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An estimate of the cost avoidance for the electrical-connector example is 16,000

maintenance man-hours for a period of one year.
Materials-savings data, although not immediately available, can be quantified.

In completing this preliminary assignment in preparation of the OTA assessmeat,
a list of materials encompassing aluminum, steel, copper, and several different alloys
as well as non metallics was compiled by the Naval Air Systems Command.

An estimate of material savings accumulated can be calculated from service life
improvements/extensions of aircraft as well as aircraft components.

C. CHAIRMAN'S REPORT FOR SEMINAR #3 -- AIRCRAFT/AIRCRAFT PROPULSION
SYSTEMS AND COMPONENTS

1. Hi of Seminar #

This report is a summary of nine hours of seminar deliberations held on the subject
of wear control in aircraft propulsion systems. The 16 participants included representa-
tives from aircraft engine and helicopter transmission manufacturers, bearing and
petroleum industries, commercial airline and military users, U.K. and other U.S.
Government organizations, and university and research institutes.

The report is divided into three sections. First, the relevance of wear control to
aircraft propulsion technology will be evaluated in general terms. Second, six questions
addressed by the seminar participants are examined. And third, certain critical areas
where current knowledge is inadequate, and where properly directed research and
development will, in the participant’s collective judgment, substantially enhance
reliability and safety, reduce maintenance and operating costs, and conserve critical
material is enumerated.

2. Importance of Wear Control
In order to provide a proper perspective to the seminar's discussions, the partici-
pants felt that it was necessary to answer first a basic question, namely, how important

is wear control in aircraft propulsion systems to the total economic and materials
conservation outlooks of the nation ? The participants recognize that, by its very nature,
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aircraft propulsion is a highly developed technology, but not a large consumer of
materials. However, it is an important consumer of materials in critical supply,
which include not only msetals but also fuel.

In aircraft operation, safety must certainly be the overriding consideration. In
average commercial airline service, safety is achieved by employing a high degree '
of redundancy in terms of engines and certain critical components. Within this con-
text, the reliability or life of system components becomes basically a hidden economic
issue; and the potential benefits of wear control cannot be readily assessed on the
basis of the current state of airline economics. However, with single-engine aircraft
and helicopters, reliability and safety are synonymous; thus the importance of wear
control relative to reliability and safety as well as cost is clear.

Taken as a whole, it is the participants' consensus that the benefits to be derived
from effective wear control are alike regardless of the nature of aircraft service.
These benefits are as follows:

a. Reduced maintenance and replacement costs.

b. Improved propulsion system performance and fuel cost.
c. Conservation of critical materials.

d. Technology spin~off, which benefits other industries.

It is estimated that aircraft propulsion (engines and transmissions) is currently
a $4-billion dollar industry. A recent study conducted by the Navy on the operating
costs of one aircraft* shows that the total cost of wear is $245/flight hour as compared
to the total cost of fuel of $376/flight hour. Of course, the propulsion system is not
the sole contributor to the total cost of wear on an aircraft. So far as the propulsion
system alone is concerned, it is our opinion that with adequate development and
Governmental encouragement, savings of 50% in materials, 10% in fuel consumption,
and at least 50% in maintenance and replacement costs, can be realized within one
decade.

*"Proceedings, Wear Control for Naval Aircraft," Naval Aircraft Materials/
Processes Meeting, 4th Annual Meeting, Aeronautical Analytical Rework Program,
2-4 Dec. 1975, Naval Air Development Center, Warminster, Pa.
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3. Answers to Specific Questions Addressed in Seminar #3

The participants in seminar #3 answered those questions stated in Chapter I, |
Section 2(b) in regard to aircraft/aircraft propulsion systems and components. The

answers to the questions follow:

Question 2 --
Are optimum wear -- control procedures followed in the aircraft industry ?
The answer from the commercial airline sector is a qualified ''yes, " with
on-~condition maintenance. However, it is pointed out that the procedure can |
be improved if reliable condition monitoring instrumentation is available.
The process can also be made more efficient with improved labor skills
and motivation.

The answer from the military sector is also a qualified '"yes, ' with the
military generally changing over from scheduled maintenance to on-
condition maintenance. In addition to the problems faced by the airlines,
the storage and handling of replacement parts in the military supply system
have been difficult. Moreover, where scheduled maintenance is practiced,
reliable determination of the usability of the removed parts also presents a
problem.,

Question 3 -~

If optimum procedures are not followed, why not ? Seminar #3 answers are

as follows:

. a. Generally speaking, the problem has not been the lack of basic available
knowledge, but a lack of timely technology transfer in usable form. On
the design side, due to a lack of adequate financial support for inter-
mediate development, the design has tended toward conservatism. On
the maintenance side, current knowledge needs to be put into practice
and improved technology (such as in-flight condition monitoring) can
provide further advances. Governmental support in both areas is con-
sidered crucial.

b. It is believed that Governmental support may possibly be directed along
the following lines:

e Taxation and accounting policies designed to encourage savings in
maintenance cost and materials conservation

e Better balance and simplification of regulatory procedures,

e Direct financial support to accelerate the tempo of improvements,
particularly in the area of intermediate development mentioned
above, and

e Direct financial support in research in certain critical areas
(See later discussion of critical areas).
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Question 4 --
to (o) with improved application of

technology ? Seminar #4's answer to this question is a resounding '"yes."
It is necessary to identiiy the various failure processes and have a better
understanding of their impact, which will help in the long run. However,
even on the short range, the research laboratories have shown that new
materials and lubricants with substantially better wear and other attributes
are now available, and these are not necessarily the ultimate obtainable.
By merely taking advantage of these available new materials and lubricants,
and with improved designs, the engine and helicopter manufacturers have
proposed designs which, given timely and adequate financial support, can,
within one decade, yield estimated savings of 50% in materials, 10% in fuel
consumption, and at least 50% in maintenance and replacement costs.

Question 5 -~

In the matter of nfe-cycle cost there is nt present no wlde—ba.sed quant:ltative

knowledge to guide its application. However, it is believed that such informa-~

tion is currently available at the commercial airlines and will in time also be

available from the military. Government-sponsored surveys and analyses of

such information should go a long way toward establishing the needed data N ,r
base. i

Regarding the long-term application of life~cycle costing, the participants of
seminar #3 believe that the following factors should be taken into consideration:

a. The inflation of dollar value.
b. The capricious nature of fuel cost.

c. The impact of mission profile, i.e., short missions vs. long missions.
The problem here is akin to the stop-and-go automobile operation vs.
sustained highway driving.

d. The impact of propulsion system performance and performance degradation
in service. In this respect, the relative weight to be assigned to cost and
performance is expected to be different for commercial and military
operations.

e. Initial equipment cost vs. spare parts cost. How can a realistic balance be
made ?

f. The question of warranty. The current commercial procurement practice is
for the propulsion system manufacturer to assume the warranty responsibility,
while in Government procurements the responsibility rests, except for some
isolated instances, with the Government. How these different procurement
practices affect the life-cycle cost appears to merit study.
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In this connection, & NASA report* is of interest. Among the conclusions
reached in this study were: (a) During the initial 5-year period after a new
design has been put into service, the maintenance cost was high. However,
during the "mature period" after the initial problems had bzen solved, the
maintenance cost reduced to about one-half to one-third of the imitial. (b)

There was no significant difference between military-derived vs. commercially-
derived propulsion systems in life-cycle costs.

Seminar #3 participants believe that the high initial maintenance cost cited above
is due to the lack of intermediate development previously mentioned. In the instance of
commercial airlines, this means in effect that the airlines are paying the lion's share
of the intermediate development cost, which cost must in turn be passed on to the
customers. In the case of military service, the cost of intermediate development is in
effect borne by the Government, or the general public. Perhaps direct Government

support of intermediate development would be more effective and more economical

in the long-run,

Question 6 --

Does your industry have an established wear-control/reduction and costs
program ? The answer from the commercial airlines is a qualified "yes, "

with on-condition maintenance. The answer from the military is also a
qualified 'yes,'' with the Navy having already implemented on-condition
maintenance, but as yet not enough experience to provide details. The Air
Force and the Army are tending toward this direction, with on-going programs
on reliability and maintainability studies.

Question 7 -~ :

Is_existing wear-control technology implemented ? The answer is generally 'yes,"
but not separately identified in the organizational structure.

4. Critical Problem Areas

It is the judgment of the seminar #3 participants that research and development

in the following areas are warranted:

a. Engine gas path sealing - This problem is important because it directly affects
fuel economy, compressor stall margin, and reliability and maintenance cost.

*Sallee, G, P., "Economic Effects of Propulsion System Technology on Existing and
Future Aircraft, ' NASA CR- 134645.
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deemed necessary.

b. Blade erosion - Research on the development of optimum abrasion-resistant

material is required.

c. Liquid sealing - The present technology for liquid sealing in engines and
transmissions is deemed inadequate. There is a need for basic and applied

research.

d. Fretting - Research to enhance our understanding and practical control of

fretting is needed.

e. Bearings, gears, lubricants - As mentioned earlier, the feasibility of a very
substantial savings in critical materials and life-cycle cost, not to mention
improved reliability and safety, has already been demonstrated in the research
laboratories. Engineering development to realize these gains in practice is

urgently required.

f. Contamination control - The importance of contamination control has been
emphasized, for example, by the Navy study previously mentioned. Tech-
niques of contamination monitoring and control require development.

g. Predictive techniques - Better techniques for predicting system reliability,
performance, and initial and maintenance costs in the design stage are
urgently needed. This implies a need for research to achieve a better under-

Currently, the use of abradable material provides a solution, but optimum
material selection requires research and development. For future engines,
research directed toward the development of a better sealing technology is

standing of the failure mechanisms.

h. The technology for high-speed rotating components requires development.
i. A better understanding of thermal control and cooling, both basic and applied,

is urgently required.

j. A wide-based and in-depth survey and analysis of costs and cost distribution
in current practice is required to provide the baseline data needed, not only
on its own merit, but also for extrapolation to future applications.

5. Conclusion

The participants appreciate the efforts of the Office of Technology Assessment in
organizing this Workshop and the Seminar on Aircraft Propulsion Systems. The partici-
pants came from dissimilar professional backgrounds and vantage points, but leave with
the same convictions that effective wear control benefits all segments of our industry
and that much can indeed be done to reduce wear, improve reliability and safety, conserve

critical materials, and reduce life-cycle cost. The participants submit once again that
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alrcraft propulsion is a technology leader. Any investment in bringing about effective

wear control technology in this area will benefit many other industries; and the total

benefit cannot be measured by dollars.

D. CHAIRMAN'S REPORT FOR SEMINAR #4 -- METAL-CUTTING MACHINERY AND
TOOLS

The following general conclusions and recommendations have been prepared on the

basis of commeats, revisions, and additional supporting data supplied by the participants

of seminar #4,

1. State-of-Technology

a,

C.

Control of wear in metalcutting machinery and cutting tools must be considered
through its impact on the total manufacturing system in which metalcutting

is performed using metalcutting machine tools and cutting tools. The ''Pro-
ductivity" and "Leadership" of the U.S. manufacturing sector, especially in
the area of computer aided manufacturing, is in jeopardy due to the lack of
Government support.

The cost of machining in the U.S. is estimated to be about $54 to $65 billion
per year. These costs can be reducad by (1) implementation of proven tech-
niques and (2) development of improved technology.

The material removal operations such as machining and grinding are used to
produce surfaces that are involved in sliding and rotating type contacts. The
surface integrity imparted by these material removal processes has a profound
influence on the product performance and durability.

Cutting tool and grinding wheel wear processes are quite different than those
involved in sliding and rotating, such as in bearing surfaces. The prediction
and control of cutting tools and grinding wheel wear is a key factor in manu-
facturing costs and productivity.

The present carbide cutting tool technology is based on tungsten carbide.
Tungsten is also an important alloying element in high speed steels used for
cutting tools. Presently, roughly 25 to 30 percent of tungsten is imported;
however by 1987, over 75 percent of the tungsten will have to be imported,
primarily from socialist block countries. *

*"Trends of Usage of Tungsten, ' National Materials Advisory Board (NAS-NAE),
Report PB-223716, July 1973, Distributed by NTIS,
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f. About 7 million pounds of carbide tools and 41 million pounds of HSS tools
are annually used in the U.S.A. Only about 0.3% of each carbide tool is
worn away, the remaining is recycled to rock bits and tire studs. About 1/3
of each HSS tool is ground off during resharpening. Carbide and HSS cutting
tools also fail due to fracture. Annually, estimated $2-8 billion spent in
purchasing, changing and regrinding cutting tools, including labor costs but
not including overhead and lost production costs.

g. Machine tools are not generally replaced because of wear. The replacement
is due to loss of operational capability (speed, horsepower, accuracy, and
rate of metal removal) or due to new machine tool technology. Scheduled main-
tenance is generally arranged at nonproductive time. Unscheduled maintenance
occurs because of mechanical, electrical or hydraulic system failures. The
greatest economic costs of wear in machine tools is in the cost of lost op-
portunities due to unanticipated down time. To maintain U.S. machine tool
industry competitive, economic incentives such as investment credit and
factory writeoffs should be considered. American Machinists estimates that
yoarly, $1 billion are spent due to the use of out~dated machine tools.

h. Cutting fluid replacement is needed to maintain proper proportions and
concentration. The cost of cutting fluid disposal may range as high as 115%
of the cost of cutting fluid. Closed loop cutting fluid systems are being de-
veloped to minimize replacement costs.

i. The loss of work material in the form of chips and scrapped parts in metal-
cutting can be substantial. From material conservation point of view, these
costs need to be estimated. Significant material cost earnings can be achieved
by near-net-shape and net-shape metal working processes such as isothermal
forging and hot isostatic powder-metallurgy techniques. However, the effect
of these processes and subsequent finish machining operations on product
durability needs to be established.

2. Cost Estimates

The workshop developed cost estimates for cutting tools, on the basis of thd data
provided by Dr. John Mayer, Jr. (See Table II-2). No cost estimates were available
for workplece material conservation, wear cost of machine tools, and the replacement
costs of cutting fluids,

3. Recommendations

a. In veiw of the state-of-technology items (a), (b), (c) and (d), systematic
research, development, and implementation programs are needed in manu-
facturing technology, especially computer aided manufacturing.
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TABLE II-2

a) High-Speed-Steel (HSS) Tools:

Data provided by Dr. John Mayer, Jr. in summary of seminar #4
(Chairman V. A. Tipais)

Initial Purchase Cost and Material and Tool Wear for Metalcutting Tools

ENTIRE LIFE TOTAL GROUND
PURCHASE COST TOTAL WEAR OFF DURING ALL
AND MATERIAL QUANTITY RESHARPENING
Million Million Million 1,000 % of Million % of
Dollars/ Units/ Lba/ Lbs/ Tool Lbs/ Tool
Yr Yr Yr Yr Waeight Yr Waight
1 2 2
470 157 40.8 40,8 0.1 13.6 33

2Loat and not recycled.

Carbide Tools:

1U.S. Department of Commerce, 1974,

PURCHASE COST AND MATERIAL

Million Million Million

Dollars/ Units/ Lbs/
Yr Yr Yr
4351 334 6. 92

1U.S. Department of Commerce, 1974.

TOTAL WEAR

QUANTITY
1, 000 % of
Lbs/ Tool
Yr Waeight
20.7 0.3

Recycled but not as carbide cutting tools; used in making studs for tires and
rock bits.

Lost and not recycled.
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In view of the state-of-technology items (e), and (f) alternative cutting tool
technology should be developed based on indigenously available materials
such as titanium carbide and others.

In view of the state-of-technology item (g), economic incentives should be
provided to promote tha use of more productive machine tools.

In view of the state-of-technology items (h) and (i), the development of manu-
facturing processes that conserve critical and strategic materials should be
promoted.

The workshop participants felt that there should be programs through which
a closer cooperation between the academia, research laboratories and manu-
facturing industries can be established. In Europe and Japan, such a closer
cooperation has lead to national projects in computer aided manufacturing.

E. CHAIRMAN'S REPORT FOR SEMINAR #5 -- RAILROAD ROLLING STOCK

1. Highlights of Seminar #5

A full day of discussions were held. Twenty-three persons attended the meetings,

all but a very few of them being there the whole time, and sixteen made formal presenta-

tions. It was the consensus of those present that a full and frank discussion of the

issues involving railroad wear was achieved.

2. Answers to Specific Questions Addressed in Seminar #5

The participants in seminar #5 answered those questions stated in Chapter I,
Section 2(b) in regard to railroad rolling stock. The answers to the questions follow,

Question 1 --

What are the costs associated with wear in the railroad industry ? Many of the
participants provided overall estimates, while many others produced unit
costs associated with various individual items or maintenance procedures. To
give some examples:

Replacement and remanufacture of roller bearings in freight cars costs
$15 million per year.

750,000 worn freight wheels were replaced last year at a cost of $140
million.

One million tons of new rail was installed to replace old rail at a cost of
$250 million.

Maintenance and repair costs of locomotives total $665 million per year
($ . 36 per 1000 gross ton mile).

I1-20




Finally, an all inclusive item, that includes damage from other factors than wear

is mainte nce of way which totalled over five billion dollars in 1974,

The Chairman's personal interpretation of these data is that the damage caused
by wear in the railroad industry totals some 3 billion to 4 billion dollars per year.
This is consistent with a feeling the Chairman has had for some time that the total
damage in the U.S. done by wear amounts to some 100 billion dollars a year; the two

main components being automobiles and clothing.

Question 2 --

Are optimum wear-control procedures followed ? The concensus was that in

general they were not, and a number of reasons were advanced. One general
comment was that there was much ignorance about wear, and hence it was
not always possible to institute procedures that would minimize wear. But
even when such procedures were available, they were generally not followed
for reasons such as the following,

When a supplier offered a new and improved component, with higher
wear resistance, but costing 1.5% more, many railroads refused to buy it,
because they couldn't afford to pay the extra amount, or were not clear as
to the potential benefit.

A new and improved component that might need maintenance work away from its
home railroad was considered uneconomical, because it was likely to be removed and
replaced by the original component. In fact this was a theme of several comments in
several different settings. The fact that cars are often used by other railroads (inter-
change service), and that many components and repair procedures need industry-wide

approval, act as a deterrence to progress in spending more money and installing more

wear resistant components on rolling stock. Progress was most likely to be made in
unit trains, which always take a scheduled route. Such trains, however, provide a
""real service' means to evaluate new technology as it becomes available.

(There was a considerable amount of discussion of the peculiar nature of the
industry, with its great interdependence. This has led to many good effects, like
the setting of standards and the keeping of good statistics, but it does discourage in-

dividual pioneering and initiative).
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As to rail, a more bizarre situation emerged. High strength heat treated rail is
shown to be more wear resistant by a factor of two or three or more and costs only
40% more. But one railroad has tried unsuccessfully for more than a year to geot this
material. Facilities for producing it are limited, and little is being done to remedy
the situation by increasing output. Presumably the flnancial returns and the assurance
of a long term market are not sufficient for the steel manufacturers. It is also possible
that capital investments for meeting pollution control regulations took higher priority
for imited funds available and pollution control demand for available capital.

The only possible exception to this picture was provided by an engine builder. In
this case there seemed to be a steady improvement both in performance capability and
in wear life. I wonder whether the concentrated nature of this industry might make
technical innovation more attractive.

Indicentally, some component manufacturers are very active in investigating fail-
ures and wear out behavior of their components, others are not, but apparently both

types remain in business.

Question 4 --

Could products be made to last longer with improved application of technology ?

There was a general consensus that in many cases they could, but there were
provisos. Some railroads could not, or would not, pay the larger levels of
first costs associated with improved wear resistance. In other cases, the
improved materials would be harder to incorporate (e.g., by welding). Thus,
given a work force of uncertain skill levels, e.g., adequately qualified welders,
there might be a trade-off between higher wear life and higher reliability.

In fact, there was some feeling that this factor was already operating, leading
(in the case of steels to be welded) to the use of less wear resistant steels
than were readily available. (The fact that there were many repair shops
spread around the industry, with variations in levels of sophistication tended
to inhibit the use of steels which were not easy to process.) A remedy might
be to use low alloy steels, rather than plain carbon steels since low alloy
steels of lower % ¢ are easier to weld than plain carbon steels of the same

hardness, but higher % c.

Examples were given where increases in life by factors of three seemed achievable,
and all in all it seems that a decrease in wear rates by a factor of two might be a
realistic target. More effective use of track lubrication, for example, should be
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considered. One problem with the industry is, however, that as soon as the wear life
is increased markedly there is a tendency to change the operating conditions (for
example by increasing axle loadings) so as to nullify the beuefit obtained.

It might be mentioned that examples were introduced of cases in which wear im~
provements in one component led to deterioration in another component. Thus the use
of rolling contact bearings in trucks led to a greater lateral stiffness that reduced
damping potentialities, and led to increases of wear in the center bowl-centerplate
system. The use of harder rails might, in some circumstances, lead to increased
wheel wear. Also in rail wear there was some expression of opinion that a relatively
mild wear had desirable consequences, in that it preventea fatigue and surface fatigue
failures.

The "materials benefits'" of a lower wear rate would be fewer steel particles
strewn around the countryside, but this was felt to be less significant than lowering
the maintenance and installation costs associated with wear.

Question 6 --

dust; ve established wear uction programs and how are the
implemented ? It was generally agreed that industry has done little research

work in the area of wear reduction, and that more work is both appropriate,
and likely to be highly productive.

In the past, industry has mainly reacted to aggravated problems, like a rash of
failures (especially unanticipated failures), rather than to long-term annoyances
already budgeted for, like wear. In fact, until there are quantitative models of what
wear is reasonable, there are few methods of judging what proportion of the costs
associated with wear are preventable.

There is very little university interest in railroad wear research (although we
heard reports from two funded projects), and little industrial research in this country
(though there are two ac tive research programs in Canada). It is hoped that IFAST
(a new full scale testing facility in Pueblo, Colorado) will generate useful wear data.
There was some discussion whether government sponsorship of industrial research

could be increased and the general feeling was that this might be very cost-effective.
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It was explained that the focus of recent government interest has been increased
reliability rather than increased wear resistance. Thus, the sponsorship of programs

to reduce wear would represent a shift in priorities.

Question 7 -~
How is existing wear-control technology implemented ? Long-range aspects --
ooking Into the distant Tuture, It was felt that In an era in which fossil fuels
were less readily available but electricity produced by fission or fusion
processes were the main source of energy, it was Important to have available
a healthy transportation system which can operate on electricity, and is highly
energy-efficient as well. The railroad industry clearly fits this description.

In fact, past procedures have favored other modes of transportation. For
example, the military has largely paid for development costs for the aircraft
industry. Interstate highways and related use costs have favored truck trans-
portation. These policies have adversely affected the health of the railroad
industry. Accordingly, remedial steps were felt to bs worthy of consideration.

F. CHAIRMAN'S REPORT FOR SEMINAR #6 -- CONSTRUCTION EQUIPMENT

1. Highlights of Seminar #6

The segment of the Heavy Construction Equipment Industry that was represented by
persons attending the workshop was that large portion that builds earthmoving machines.
This, therefore, excluded such machines as tower cranes, asphalt mix plants and paving

machines from the discussions.
There were representatives of four manufacturers, two dealers and two contractors.

a. of the Earthmo Machine dust
The following are some of the more important characteristics of this industry:

1. Large volume of business -- many billions annually in the sale of new
machines, new parts, dealer services, and sale of remanufactured and

rebuilt parts.

2. Detailed product knowledge transmitted back and forth among manufacturer,
dealer, and customer.

3. Large initial investment per machine -- typically $25,000 to $250, 000 each.
4. Often get moved from job to job and state to state.

5. Designed to work in an extreme variety of soils and other job conditions.
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6. Contain an especially high portion of castings, forgings and heavy welded
- structures -- all of these requiring a high tooling investment by the
manufacturer. i

7. Selling and servicing mostly done by franchised dealers who are indepen-
dently owned.

e These dealers typically have a long term of experience ~-- 20, 30, 40
years is very common. This allows building up good managerial ex-
perience and skilled worker experience with this class of machines.

8. Users range from very small operations -- with only one or two machines --
to very large contractors owning hundreds of machines.

e Users include municipalities who use the machines for maintenance
of streets and for landfill methods of waste disposal. Townships and .
counties own machines for rural road maintenance. Several segments
of the federal government own machines -- examples are the army
engineers and the forest service.

b. Manufacturers' Progress in Extending Wear Life

The normal competitive forces and the manufacturer-dealer-customer close re-

lationships have worked to progressively result in significant improvements in wear
life to occur throughout the past. One of these forces is the users' dissatisfaction
with the unsatisfactory life of a particular part of the machine which has become out
of balance with the endurance life of the surrounding parts.

Another strong motivating factor is the competition the original machine manu-
facturer faces from independent manufacturers who specialize in making and selling
high volume wear items in competition for after market parts sales.

Competition for business results in measures to increase the salability of existing

machines through performance increases.

Performance increases frequently involve an increase in engine power in order
to attain faster machine functions under load. Each increase in performance is likely
to have the effect of increasing the operating stresses on some portions of the machine.
The parts that are likely to be affected are evaluated on the drawing board, in the
laboratory, and through proof testing on the machine before release for production.
The evaluation often results in refinements in shape, in material selection or in heat
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treatment to allow the part to operate at a higher stress level and, therefore, perform
more work for a given weight of material. The result of this application of technology

is to conserve the use of materials by refinements of the design to bring the machine
components into better balance with each other through identifying those components
which have proved to be the less durable ones in the face of overall machine performance

increases.

Another motivating force that causes the manufacturer to improve the durability
of components is the user's efforts to extend the machine operation into a more hostile
working environment. As machines move toward the rough end of the job severity
spectrum and get into larger rock and into more abrasive soils it becomes more eco-
nomically feasible to add costs to the original machine to cope with these environ-
ments. With the increasing application of improved materials and heat treatment the
.nesult is to attain more wear life through modern design and manufacturing rather than

to merely add on more iron.

The above mentioned points can be illustrated by explaining the function and use
of a large tractor-scraper. The function of such a machine is to load material into its
bowl and haul and spread it on the fill. The machine works frequently in a cloud of
abrasive air. This kind of working environment has required over the years a coopera-
tive development program between the earthmoving machine manufacturer and the
suppliers to the industry. Much improved filters were developed to keep the abrasives
from entering any part of the powertrain including engine, transmission and gear boxes
to the driving wheels. The engine air cleaning system uses precleaners and cellulose
fiber air filters which are a very major advance over the former "oil bath'" air cleaner
that used an oil soaked mat of brass turnings. Similarly, advances have been accomplished
through improving the efficiency and capacity of filters for the transmission oil and for
the engine fuel oil.

Other areas of advancement include superior materials in lip seals for shafts at
the point of entry into oil compartments, Modern synthetic elastomers have been
developed to withstand the combined effects of lubricants, heat, and cold starting and
still retain the proper balance of flexibility and hardness for wear life.
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The advancements also include better breathers and better gasketing materials.

Thus the wear life of internal components has been extended considerably through
better seals to kaep out the very harmful abrasives found around most earthmoving

jobs.

The gooseneck and draft frame assembly is a good example of the kind of large
welded structure which must withstand high cyclic loads in field service. In seminar
#6's work session, one of the manufacturer's representatives traced the methods his
company uses to refine the design so as to develop a structure that is efficient in the

utilization of steel and which is designed for an adequate number of hours of service

when the machine is subjected to loads at the severe end of the normal job spectrum.

The design aids used include such advanced techniques as finite-element analysis.
This calculation method requires the availability of modern computers to run the

thousands of calculations.

Other aids used by this manufacturer include the use of stress coat in the laboratory.
Available also are portable recording instruments that can be mounted on the machine
in the field to make counts of the number of excursions of stress per day into zones

which would result in ultimate fatigue damage. Such data is needed for later input for

full-scale bed-plate fatigue tests to be run in the laboratory.

Laboratory fatigue tests are also very commonly run on other kinds of components,

such as axle shafts, engine, and driveline components.

An examination of a crawler tractor equipped with a bulldozer blade points out
areas where heat-treated plate is used to gain the advantage of hardness for improved
abrasive wear life, and for better indentation resistance for those parts that are sub-
jected to direct impacts against rocks. The moldboard of this bulldozer uses a welding
grade of plate heat treated at the steel mill. Twenty-some years ago this kind of large
water-quenched heat-treated plate was not readily available to the industry, but in-
creasing demand caused the steel companies to invest in the heat treat facilities. The
plate is now commonly used by the manufacturer in several portions of his machines.

Heat treated plate is also purchased by the user for replating worn areas.

=27




=TT

S o a—

- e e p——

A further examination of the undercarriage portion of a crawler tractor shows
that such an area can be subjected to high impact and abrasive wear conditions. One
of the dealer representatives at seminar #6 stated that the undercarriage represents
about one-half of the weight of the machine and almost one-half of the ultimate wear
and replacement cost in the life of the machine. The majority of the moving parts is
composed of heat treated rolled sections, forgings and other heat treated parts. Twenty
years ago, these track rollers were greased at 10 to 50 hour intervals. The seals were
faced with leather or cork and had a short life. When the seals failed, the lack of
lubrication frequently destroyed the shaft and other internal parts. Now these rollers
are lubricated with oil and are sealed with metal-to~metal seals able to retain the oil
such that the relubrication intervals are 1000 hours and longer.

A recent and modern advancement is the availability of improved track pin seals
so that the pin-to-bushing joint can now be lubrica‘ed.

Another fairly recent advancement is in improved engaging couplings such as steer-
ing clutches and steering brakes. A few years ago, these operated in a dry compart-
ment. The dry friction surfaces generated considerable heat and caused deterioration
due to heat. These friction plates were expensive. Also there was frequent downtime

for adjustment and replacement.

Now used in many crawler machines are oil-cooled steering clutches and oil-
cooled brakes. Oil is pumped to the engaging surfaces and provides both cooling and
lubrication for the friction surfaces. Here is a dramatic example of material conserva-
tion through reducing loss due to wear. The reduced downtime provides another form
of conservation of materials by allowing the machine to work more hours per day.

c. Chipless Methods of Forming Parts

Available to the manufacturer today are techniques that allow the economic manu-
facture of parts through methods of producing finished dimensions without machining.

Following are some examples in current production.

e Track bushings are cold extruded from solid barstock.

e Sintered powder-metal parts, for example a hydraulic tube flange, can
be produced to a high strength level without any machining.
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e Gears are used in the differential housing of a wheel loader. The teeth
are forged to finish profile.

e Steel casting which will be welded to steel parts to make a water-cooled
exhaust manifold for a marine engine. Several machine operations were
eliminated through the improved tolerance control achieved with the in-
vestment mold process.

d. Aids Provided by the Manufacturer to the Dealer and Customer

A form of conservation of materials lies in the proper and economical way which
the machine is applied to the job conditions and how the machine is maintained. In the
earthmoving equipment industry the manufacturer does a considerable amount of work
in these areas and provides training aids and instructions in several forms. Among
these are (1) guides for choosing the proper machine for the job condition, (2) how to
conduct productivity studies, and (3) how to maintain and service the machines. The
aids include conducting training schools. Illustrative of the training aids provided by
the manufacturer are:

e A book called Understanding Undercarriage which provides information

on the proper application and selection of track shoes, periodic inspection

methods for determining rate and type of wear, and instructions for rebuild
or replacement.

e A book called Guideline for Reusable Parts which is devoted to transmission
clutch plates and disc assemblies. This pamphlet shows examples of scored
and overheated material that results in parts that are beyond repair and
salvage. The book also shows other photographs of parts that appear to be
worn at first glance but may be worn only to 10% of expected wear limit.
These illustrations show that the plates can be reinstalled with no recondi-
tioning or very minor reconditioning.

e. Remanufacturing

A recent development is the activity of the manufacturers to provide remanufacturing
plants. One of seminar #6 manufacturer's representatives described such a new struc-
ture. It is an 80,000 square foot facility. The investment cost was $10 million. The
facility is designed to receive worn parts from the dealer organization and rebuild these
back to the original equipment standards. Slide photographs were used to illustrate
steam cleaning equipment for the engine prior to disassembly. A photograph was shown
of a cylinder block after the paint was completely stripped in order to allow for minute
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inspection. A boring machine is capable of reconditioning the block bores for the wet
cylinder liners. Photographs were shown of magnetic flux equipment for inspecting
crankshafts prior to reconditioning. A grinding machine is used for regrindiug the

cam profile of camshafts. Large size high pressure hydraulic valves are reconditioned
by cleaning, rehoning and refitting. Equipment is available for rehoning very large
size hydraulic cylinders.

f. The Dealer

The equipment dealer contributes toward the conservation of materials in a
number of ways. One of these is to install a facility to rebuild undercarriage parts.
One of the dealer's representatives at seminar #6 described a typical dealer re-
build shop. Such rebuild facilities have been in common use since World War II when

the shortage of underca-riage parts accelerated such a movement.

A point that was emphasized in the workshop was that when parts must be finally
discarded, either because they do not lend themselves to economical rebuild or because
they have reached the maximum practical number of rebuilds, the scrapped part is
still maintained in the materials cycle. Earthmoving equipment parts provide a grade

of scrap that commands a 25% premium on the scrap market.

g. Dealer Exchange Programs

Many earthmoving equipment dealers maintain exchange programs for supplying
to the user rebuilt engines, powershift transmissions and torque converters. These
rebuilt products are carried in stock by the dealer or contractor and provide a quickly
available assembly to exchange for the assembly in the machine that shows evidence of
needing rebuild. The evolution of modern designs of our machines has developed the
concept of ""unit exchange'' serviceability ~- design for faster removal and reinstallation

of complete transmissions, for example, so as to minimize expensive downtime.

h. Oil Sampling

One of the seminar #6 dealers described a laboratory for providing service to
his customers through analyzing oil for foreign pollutants and for wear particles. The
method is called atomic absorption spectro-photometry.
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The objective of the laboratory is to build up an experience for certain types of
machines working in certain territories and to use this technique to alert the machine
owner as to when contaminants may start to build up at such rates as to provide a
warning of impending breakdown. The most common metal wear particles measured
include copper, iron, chromium and aluminum. Entry of dirt is found by measuring
the silicon content. Other parts of the laboratory analyze the oil by conventional
chemical methods to measure for unsatisfactory amounts of antifreeze, water or
fuel dilution. A typical atomic absorption analyzer costs the dealer $15, 000. Equipping
the entire laboratory represents a total investment in the range of $25, 000 to $30, 000.
It was pointed out during seminar #6 that there are approximately 95 such laboratories
in the shops of earthmoving equipment dealers throughout the world. Additionally,
other dealers and some contractors are using the services of 10 or more independent
‘laboratories. This analysis technique is very successful in forecasting impending
problems and avoiding catastrophic failures of the type that destroy many parts be-
sides the parts that failed. The technique is only successful when the oil sample is
carefully drawn and preserved and good records are kept.

i. The Users

In seminar #6, two users were represented. One of these was a relatively small
contractor owning 35 earthmoving machines and doing a total contract business of
roughly $2 million per year. Most of his work is done in and around the state of
Kentucky. Because of the small number of machines, it is possible for this contractor
to keep very good records of each machine. This contractor highlighted the importance
of availability of the machine as being a prime factor in ultimate profitability and

success of the business.
A measure of the utilization and conservation of materials is the ability to keep
each key machine in a fleet of machines available and in good operating condition.

On the other hand, unplanned downtime represents a waste of materials through idle

machines, and idle key machines shut down other machines in the operation.
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This user reported the following as key economic factors in his business:

e Productivity
e Availability
e Repair costs

In his analysis of the relative importance of these factors as contributors to
year-end net income, he reported the following:

e 2% gain in productivity - $27, 300
e 2% gain in availability - $27, 300
e 2% reduction in repair costs - $1, 620

The significant point was that in this contractor's operation, improvements in
productivity and machine availability are much more cost significant than repair

costs are.

The large contractor represented was one of the half dozen largest in North
America. The equipment fleet investment at original cost is $150 million. Annual
volume of contracts is $500 million. In a typical year, there are 45 active projects.

Because of the movement of machines from job to job, the mobility of machines
on a large project, and the large number of projects going on, it is extremely dif-
ficult to keep accurate downtime records on individual machines. This is true whether
the downtime is planned downtime or unplanned breakdown.

It is also very difficult to keep wear rate records on components. However, both
contractors agreed that repair and maintenance costs average about 4% of the total

contract volume bid price.

Both contractors felt they had a good program to get the maximum practical usable
wear out of individual components. They felt they were using the techniques and equip-

ment that was available and practical for them to use.
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The large contractor described two basic computer programs he has for ac-
J cumulating in one central office the following:

(1) Tire performance and tire maintenance records on earthmover size tires.

(2) A record of the lubricant change periods for longer type fluid changes
i (usually those other than the engine crankcase).

2. Answers to Specific Questions Addressed in Seminar #6

The participants in seminar #6 answered those questions stated in Chapter I,

Section 2(b) in regard to construction equipment. The answers to the questions

follow.

Question 1 --

What are the material and economic costs of wear in the construction industry ?

Quantitative figures for material losses due to wear and other forms of
deterioration are not available to represent the industry. The reason for
this lies in the great variety of types of users, the mobility of the machines
making it difficult to keep accurate maintenance records, and the fact that
a considerable share of the replacement parts is supplied by independent
manufacturers and by independent rebuild shops.

However, the two contractors represented agreed that their own repair and
maintenance cost, not inciuding the cost of lost production, is roughly 4%

of the contract bid price.

It is also believed that the loss of production due to unscheduled downtime
is a greater cost than the out-of-pocket repair expense.

Question 2 --
0 um wear-control S follo tructio

|

i equipment industry ? The participants of seminar #6 believed that optimum
i wear-control practices are generally being followed.

|

Question 3 --
If optimum procedures are not followed, why not ? In those cases, such as

with certain small-scale users, where optimum practices are not being
followed the reasons lie in the lack of management control, lack of skilled
labor or cost of skilled labor.

e The technology is available and the training and procedural methods are
available.

{ e Seminar #6 participants could not suggest changes in economic or
I taxation practices that would result in improvement in the application

of technology.
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Question 4 --
Could products be made to last longer with improved application of technology ?
Yes, products can be made to last longer. The participants of seminar #6
believe most of the basic technology for doing so is already known and is
available to the industry. As to the cost effect, there are different answers.

Further improvements in sealing the engine, transmission, and other
power train components against the entry of contaminants would usually
cost somewhat more in the original manufacture but would produce an
overall cost reduction to the user.

The same can be said about reliability improvements in engine installa-
tion components and other external power train components throughout the
machine. Further improvements are desirable.

Concerning external parts subject to direct contact damage and abrasive
wear from the material being moved, the final cost and the use of materials
is highly variable, dependent on the job conditions.

There is likely to be a net cost increase and a material wastage if the
manufacturer attempts to impose on all users the wear-life improvement
needed only on the 5% to 10% of jobs at the severe end of the job spectrum.

A more efficient allocation of strategic materials can be made by severe-
usage optional designs offered by the manufacturer, by 'custom tailored"
alterations offered by the dealer, or by contractor advance preparations
such as plating with heat treated plate or by hard surface welding. Natural
competitive cost forces tend to produce this desirable result.

Question 5 --

Is_any form of life-cycle costing used with regard to the construction
equipment industry ? Some small-scale users can and do use life-cycle
costing when their job conditions permit accurate cost records to be kept
on individual machines.

Question 6 --
Does the construction equipment industry have an established wear control/
reduction and costs program ? The manufacturers have specific programs
to reduce wear costs and loss of materials due to wear, fatigue, and other
deterioration.

Dealers and users have practices that result in wear-control improve-
ment, but do not necessarily organize a program called "wear-control'.
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PART TWO: TECHNICAL PAPERS PRESENTED AT AND
CONTRIBUTED TO THE WEAR-CONTROL TECHNOLOGY
WORKSHOP

Part two of the proceedings contain four chapters. Chapters
M-V contain technical papers presented at the workshop during the
February 23, 1976, morning, afternoon and evening session.
Chapter VI contains those technical papers contributed to the work-

shop.




CHAPTER III

TECHNICAL PAPERS PRESENTED AT THE MORNING SESSION

A. "STATUS OF WEAR TECHNOLOGY FOR IMPROVED PRODUCT DURABILITY"
BY MARSHALL B. PETERSON, WEAR SCIENCES, INC.

1. Introduction

The question of improved product durability has two parts. The first relates to
improved product durability and all its ramifications. The second part relates to the
question of the status of those technologies necessary to support improved product
durability, for example, wear technology. The question under consideration therefore

is, is wear technolgg strong enough to support a quantum jump in product durability ?

In the following sections this question is discussed in some detail and an example is

given illustrating the conclusions made.

2, Failures in Mechanical Components

To begin, wear processes must be put into its proper perspective within the general
category of failures as distinguished from the other means by which products lose their

usefulness.,

As an example, the aircraft maintenance manual lists 188 malfunctions codes --
that is, 188 different things which can go wrong with an aircraft. Twenty of these
refer to malfunctions of rolling and sliding components. These can be grouped into
the following six categories:

Friction Vibrations

Plastic Flow

Fracture

Seizure
Surface Pitting and Spalling

Wear Processes

Fracture, Flow, and Friction Vibrations are governed by materials properties and

should be adequately incorporated into the design process. Although much less is
-1




known about seizure it falls in the same category, being the result of design deficiencies

in materials, lubricant supply, or thermal behavior.

Surface pitting and spalling and wear processes are the expected life-limiting mal-
functions which must be extended for improved product durability. The following dis-
cussion refers to the status of wear technology; however, the same general conclusions

apply to each.

3. Wear Processes

The term "wear'' means different things to different people. Here, wear means

the unwanted removal of material by mechanical or chemical action. It is important

to understand that there are different types of wear processes. Different materials
properties apply to each type and most important different solutions apply when each

‘is found in service. These wear types based upon the method of material removal are:

adhesion tearing

cutting chemical reactions
corrosion electrochemical
deformation melting

fracture dissolving

Adhesion wear refers to material being transferred back and forth between contacting
surfaces until a particle is removed. Cutting wear is the removal of a chip by a hard
particle or asperity. Corrosion wear is the removal of a surface film formed in the
contact area. Deformation wear is the formation and propagation of surface cracks
until a particle is removed. Fracture wear results when the stress in any part of the
contact area exceeds the fracture strength. Tearing is the ripping of material par-
ticles out of the surface. The other types of wear are self explanatory and refer to

rather special situations.

The question to be answered is, "If sufficient wear information is available from
a research, materials development, design, and service point of view to allow any
large increases in product durability, should that be the desired objective ?"
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4. Research

Except for a few institutions, wear research is almost nonexistant in this country.
However, past research and results from other countries have isolated and identified
the various processes. Each process has been studied in detail and the rate controlling
factors determined. Much of the research now being carried out at the present time
concerns studies of variables (materials properties, operating conditions etc.) and
how they affect each wear process. Yet to come are research efforts which satis-

factorily quantify the different wear processes.

Of the important wear types, deformation wear (crack propagation) has not

received sufficient attention and much more research is necessary in this area.

Although improved knowledge is always beneficial and will eventually have to be
undertaken, it is not now a limiting item in improved product durability -- other factors

are more significant,

5. Materials Development

At the present time materials development is not a limiting item in product
durability. In fact, there are more wear resistant treatments available than we know
what to do with. In the Navy's Analytical Rework Program over 200 wear treatments
have been identified and one of these, for example, solid film lubricants has 110
different products. Many new wear treatments have been introduced during the last
few years which have great potential but are not generally used.

It should be noted, however, that most of the wear treatments are based upon high
hardness which are beneficial for adhesion and cutting types of wear. Unfortunately,
these are of little benefit for deformation wear processes where high toughness is re-
quired. If there is a need in the materials development area it is to develop coatings

for deformation wear resistance,

6. Design
In design there will be some problems if increased durability is desired. Cur-

rently, designs are based upon experience and experience is based upon current practice.
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If longer life is desired it will have to be based upon new data. This design data will
have to be obtained and design techniques developed. Such information will then have

to be put in a usable form so designers can use |it.

7. Service

Here is another problem area. Most wear problems are not the result of poor
design. Rather they result from the fact that the service conditions were not anticipated
in the design or could not be adequately controlled. These service conditions in more

or less order of importance are as follows:

e Contamination

e Unnecessary vibration
e Misalignment

e Excessive loads

e Insufficient lubricant

If improved wear product durability is to be obtained these conditions will have to be
controlled to a greater degree. This may be accomplished in service or by designs
which minimize the effect.

Secondly, to aid in the identification and solution of wear problems arising in
service, better wear identification techniques will be necessary. It is very important
not only to say that wear is occurring but to be able to identify the type of wear. A
unique solution can then be applied for that particular problem. Research of this

nature is now being carried out at Office of Naval Research (ONR) by Lt. Miller.

8. Examples

Many examples can be cited where cost reduction and improved durability were
obtained by improved wear resistance. For example, in metal cutting significant
improvements have been made in tool life by the use of solid films which cost very
little to apply. However, it has just been in the last few years that the magnitude

of the cost of wear has become apparent.
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In a study conducted by a task force of the Mechanical Failures Prevention group,
all of the maintenance and repair costs were analyzed for a ship's propulsion system over
a period of 3. 7 years. The total cost of maintenance was determined to be $48, 903,540,
Of this maintenance a certain portion could be identified with a particular malfunction.

These costs were as follows:

Contamination $8,427, 694
Wear 5, 759, 911
Corrosion 1,265,479
Fracture 745, 004
Vibration 705, 268
Leaks 535, 470
Misalignment 323, 322
Calibration 152, 822
Lubrication 193, 340
Operation checks 551, 132
Engine Data 742, 880

Comparing the major costs on a per ship per hour basis, the following data are
obtained:

Fuel Costs $75. 00/ship/hour
Wear 38, 92/ship/hour
Contamination 56, 94/ship/hour
Corrosion 8. 55/ship/hour ,

It can be seen that the wear costs are over half the fuel costs. If the wear costs
which result from contamination are attributed to wear rather than contamination,

that figure will increase to be almost two thirds of the fuel costs.

A further detailed review of the wear problems and their potential solutions showed
that they are mostly service related and could be easily solved using existing techno-
logy. Most of the problems resulted from a few components, and their malfunction

triggered other system difficulties,
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The conclusions from this example have been generally confirmed by other ex-

perience with aircraft.
9. Conclusions

In general it is concluded that present wear technology would support extending
product durability with two conditions:

(1) Improved design techniques will have to be developed.

(2) An improved understanding and control of the service conditions which
lead to excessive wear will be necessary. Improved service wear identi-
fication techniques will also be necessary.
The extension of product wear life would not be expensive and could save considerable

maintenance expenses based on the data analyzed for a number of applications.

The question of materials savings cannot be answered at the present time; how-
ever, high maintenance requires a large amount of parts in supply. This, too, can
be considered material wastage.

B. "FACTORS CONTROLLING LONGER PRODUCT LIFE: THE CASE FOR CONSUMER
DURABLES" BY W, F. FLANAGAN* AND R.T. LUND**

1. Introduction

Theré are many naturally-occurring incentives for increasing the life of manufactured
products. A simple listing of these might include the lessening in the demand for scarce
resources; the decrease in the rate of solid-waste disposal; the improvement in environ-
mental quality as a result of the decreased industrial activity; the decreased cost to the

consumer averaged over the years of product use; and the appreciable saving to the

*Vanderbilt University, Engineering School; on leave as an NSF Faculty Fellow,
presently at OTA.,
**Center for Policy Alternatives, MIT

Portions of this paper are from a working paper "Incentives for Longer Product
Life: A Case Study' prepared by R.T. Lund for the Organization for Economic
Cooperation and Development, Paris, October 1975.
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total economy, through the retention of the "value added'' during manufacture for the
products which would otherwise be reduced to scrap or waste. In order to show how
these incentives manifest themselves, and what impacts might follow from their being
effective, let us consider them as they apply to household consumer durables. House-
hold consumer durables (HCD's) are particularly interesting because they represent
products whose initial costs are high, whose average life expectancy is large (10 years

or more), and whose continued use is strongly affected by consumer preference.

2. Requirements of the Household Appliance Industries

HCD's represent a market whose shipments are valued at $13 billion yearly, or
just under 1. 0% of GNP, and one which has measurable impact in many industrial
sectors. Table ITI-1 illustrates this by showing the direct requirements of the House-
hold-Appliance Industry (SIC 363) for the year 1970 which were supplied by other
selected industries. Because of the complexity of these products, a large fraction of
the materials used in the manufacture of HCD's have a large value-added component in

their cost, and this is further enhanced in the manufacturing and assembly processes
(Table ITI-2). Consequently, the economic loss associated with product discard is large
and this is illustrated by the large gap between the market value of new products and
the value of the materials recovered as scrap (Table ITI-3). Only a few percent of the
retail value is recovered by recycling materials rather than components. Table ITI-4
gives more highly disaggregated data on material requirements for three major pro-
ducts of this industry, namely: clothes washers, refrigerators, and room air con-
ditioners., Over the years the consumption of materials by this sector has risen ‘
steadily (Figure ITI-1), but there has been a shift towards the use of more plastics,

and a general substitution of aluminum for copper.

3. Lifetime, Durability and Reliability of HCD's

It is seen in Table ITI-2 that the expected average life of the appliances listed
is about 12 years. If their average life could be increased to 16 years (i.e., 33%),
the number of units required to satisfy the same market would decrease by 25% for

every subsequent year as soon as the longer product life is achieved. This points
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TABLE III-1. *1979 DIRECT REQUIREMENTS BY THE HOUSEHOLD
APPLIANCE INDUSTRY

Purchases by Resulting Employment
1
;;xgugtogs; s;dz?:; Appliance Industry in Various Industries
in 1970 (1068) in 1970 (103 people)
307 Plastic Products 410 14
331 Blast Furnaces and 310 18
Basic Steel Products
345-6 Screw Machine Products 200 15
342, 347-9, Other Fabricated 210 12
(x3491) Metal Products
358 Service Industry 170 5
Machines
362 Electrical Industrial 490 24
Apparatus
363 Household Appliances 54 154
371, 382, Scientific and 120 150
387 Controlling Instruments
50 Wholesale Trade 190 23
731 Advertising 190 2
T73(x731) Miscellaneous Services 38 11
Total, including All 3700 450
Other Industries

*Data Compiled From:

"The Structure of the Economy in 1980 and 1985"
U.S. Department of Labor, Bureau of Labor Statistics
Bulletin 1831 (1975)

1972 Census of Manufacturers
MC 72 2) - 36B (Jan. 1975)

The value ofgshlpments of Household Appliances in 1970 was estimated to
be $5.4 x 10” or approximately 0.8% of GNP.




TABLE II-2, *1972 SELECTED DATA ON HOUSEHOLD APPLIANCE INDUSTRY

# Units Material | Retail Average
slfgugto?; Product Produced Costs Value Life
(10 (106$) (105%) yrs)
35856 31-69 | Room Air Conditioners 4.5 910 12
} 240
11 | Dehumidifiers 0.5 38
36321 00 Refrigerators 6.3 840 1700 20-15
36331 31 Washing Machines (auto) 4.8 1200 11
36 (wringer) 0.3 670 45
51 Dryers (gas) 0.9 180 13
55 (electric) 3.0 510
36394 12 Dishwashers (portable) 0.8 160
14 (built-in) 2.3 160 510 10
17 Disposals 2.7 170

*Data Compiled From:
Merchandiztng Weekly, Feb. 25, 1974,
1972 Census of Manufacturers, MC 72 (2) - 36B (Jan. 1975)

M.I.T., Center for Policy Alternatives, The Productivity of
Servicing Consumer Durable Products, Cambridge, Mass.,
(June 1974)

Pennock, Jean L. and Carol M. Jaeger, "The Household Service
Life of Durable Goods, " Journal of Home Economics, (Jan. 1964)

Ruffin, M.D. and K.S. Tippett, "Service-Life Expectancy of
Household Appliances: New Estimates from the USDA, Home
Economics Research Journal, (March 1975)




TABLE III-3, SCRAP MATERIALS VALUES VS. PRODUCT MARKET VALUES i

Bote Average Retail Value Scrap Material Percent of
Weight (New) Value* Retail Value
Cooking Range 200 Ib. $300 $2.88® 0.96% ‘
(90 kg.) '
Refrigerator 325 Ib. $450 $8.75@) 1.94%
(148 kg. )
Dishwasher 147 b, $276 $3. 50(®) 1.27%
(67 kg.)
Clothes Washer 250 Ib. $275 $5. 92(® 2.15%
(114 kg. ) .8
Clothes Dryer 145 Ib. $175 $2. 2@ 1. 659
(66 kg.)
Beer bottle 6.5 oz. $. 032 $. 0024 7.6%
(empty) (184 g.) -
Automobile 3700 1b. :
(1682 kg. ) $4000. 00 $60., 00® 1.5%

*Based on material content, Recovery processing costs not deducted,

Sources: (a) Sullivan, et al 1973, &
(b) Based on materials weights given in Harwood (1974). '




TABLE ITI-4a. CLOTHES WASHERS

An estimated 6. 39 miliion clothes washers were manufactured in 1975, Here's what it

took to make them:

Components and Materials

Quantity Per Unit

Total Quantity to be Consumed \

Aluminum

Brass

Plastic

Steel

Belts, drive
Brakes

Die castings
Gasketing, rubber
Gears

Hose, plastic
Hose, rubber
Knobs

Pumps

Seals

Tubing

Valves, water
Connectors, electriocal
Cord, electrical
Motors

Relays

Sensors

Solenoids
Switches

Timers

Wire, electrical
Fasteners
Labels/nameplates
Paint

Porcelain enamel
Adhesive tape
Corrugated fiberboard

10 Ib
0.5 b
13 b
105 Ib
21t

1

22
21b

71ft

Source: Appliance Manufacturer, January 1975
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26, 950 ton
1, 348 ton
35, 035 ton
282, 975 ton
2,042 mi
5, 390, 000 5
118, 580, 000 i
5, 390 ton
26, 950, 000
7,146 mi
16, 334 mi
10, 780, 000
5,390, 000
21, 560, 000
5,104 mi
5, 390, 000
32, 340, 000
5,615 mi
5, 390, 000
5, 390, 000
6, 390, 000
5, 390, 000
26, 950, 000
5, 390, 000
96, 982
970, 200, 000
16,170, 000
2, 695, 000
11,6 sq mi
4,084 mi
29 sq mi




took to make them:

Components and Materials

TABLE IMI-4b.

Quantity Per Unit

REFRIGERATORS

An estimated 6. 12 million refrigerators were manufactured In 1975. Here's what it

Total Quantity to be Consumed

Aluminum

Copper

Gasketing
Insulation

Plastic

Steel

Tubing

Wire, rack
Compressors
Fans/blowers
Knobs

Comnectors, electrical
Cord, electrical
Motors

Relays

Switches
Thermostats
Timers

Wire, electrical
Adhesives
Fasteners
Labels/nameplates
Refrigerant

Paint

Porcelain enamel
Adhesive tape
Corrugated fiberboard
Steel binding, strap

3.41b
1.25 Ib
3.251b
5.85 Ib
49.4 b
154.5 b
23 ft
144.6 ft

Pt hd b et e D O DD e
=2

34,5 ft

0.2 Ib

203

7

0.51b
0.17 gal
34 8q ft
33.5ft
101.4 sq ft
17 ft

Source: Appliance Manufacturer, January 1975

—_—
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10,404 ton
3, 825 ton
9, 945 ton
17, 901 ton
151, 164 ton
472, 770 ton
26, 660 mi
167,610 mi
6, 120, 000
6, 120, 000
12, 240, 000
18, 360, 000
6, 955 mi
6, 120, 000
6,120, 000
6,120, 000
6, 120, 000
6,120, 000
39, 990 mi
612 ton
1,242, 360, 000
42, 840, 000
1, 530 ton
1, 040,400 gal
7.5 sq mi
38, 831 mi
22 sq mi
19,706 mi

N7/
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what it took to make them:

Components and Materials

TAB LE m-40 .

Quantity Per Unit

AW T b e gt

ROOM AIR CONDITIONERS

An estimated 3.13 million room air conditioners were manufactured in 1975. Here's

Total Quanity to be Consumed

Aluminum

Copper

Insulation

Plastic

Steel
Compressors
Fans/Blowers
Gasketing

Knobs

Refrigerant
Tubing
Connectors, electrical
Cord, electrical
Motors

Switches
Thermostats
Wire, electrical
Adhesives
Adhesive tape
Fasteners
Labels/nameplates
Paint

Corrugated Fiberboard

Steel binding, strap

18.4 Ib
4.1
0.24 b

10.8 Ib

49.2 b

1

2

0.14 b

2

2.2 b

181.3 ft

Source: Appliance Manufacturer, January 1975
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28, 796 ton
6,417 ton
376 ton
16, 902 ton
76, 998 ton
3,130, 000
6,269, 000
219 ton
12, 520, 000
3,443 ton
107,479 mi
28,170, 000
3,498 mi
3,130, 000
4,695,000
3,130, 000
5,691 mi
313 ton
3,320 mi
266, 050, 000
29, 735, 000
313, 000 gal
3.4 sq mi
9,189 mi
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Figure ITI-1. Tonnage of steel, copper and brass, and aluminum

used for six major household appliances.

out that a delay time is required before the impact of "added life" can be felt, and also
that additional material costs to achieve this "added life'" should be less than the
future-discounted material savings.

It is important to understand that product "life" is a statistical concept. For a
given year of manufacture some products are discarded during their first year of use,
for a variety of reasons. The number discarded per year generally rises with age,
peaking at a point somewhat beyond the average life of all of the sets of that product
year, and then quickly dropping to zero with increasing age. This is illustrated in
Figure ITI-2 for new color television sets. The average life expectancy (the average
of all the predicted lives) is 12 years, at which time approximately 60% of the sets
produced today would still be in use, The median life (When only 50% of the sets sur-
vive) would be almost 14 years.

II-14
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Figure II-2. Prediction of the number of color TV sets purchased
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First-owner experience only. (after Ruffin and Tippet, 1975).




One problem In the concept of expected product life is that the consumer is not a
statistician. When he is given a figure for an appliance that is said to represent the
expected life of that appliance, the impression he receives is that if he buys the
appliance, it will last that long. If wear-out occurs significantly earlier than this
given figure, he is unlikely to realize that, as in the color television example of
Figure ITI-2, a large fraction of the population of those appliances are expected to
fail before the average expected life is reached. He is likely to feel that he has been
misled by the manufacturer or the dealer. Many of the factors influencing the ex-
pected service life of appliances (usage rates, quality of maintenance, operating
environment, economic conditions), however, are entirely beyond the control of the

manufacturer.

The use costs over the lifetime of the product may be comparable to purchase
costs. This becomes more important as the life expectancy of the product increases.
The life-cycle costs for color television sets has been decreasing over the years
(Figure III-3), due to lower purchase costs, lower service costs, and lower life-time
power costs, reflecting an improvement in the technology. In contrast, the total life-
cycle costs for refrigerators have remained relatively constant (Figure ITI-4), due
mainly to increased power costs offsetting the decreases in purchase and service
costs. Here, innovations such as frost-free operation, automatic ice-cube makers,
the "slim line'", and other design features have raised power requirements during an
era of ""cheap power". If the life expectancy were to increase we would expect an in-
crease in both service and power costs, and the life-cycle costs would of necessity
increase, but the consumer would receive the benefit of added life.

This presumed increase in life expectancy would seemingly follow from improved
reliability and/or durability. * Reliability has improved over the years (Figures ITI-5

aird I11-6) to such an extent that while service costs have risen, incidence of repair

has decreased sufficiently to offer an overall decrease in life-cycle costs (Figure II-7).

*Here reliability is taken to be inversely proportional to the incidence of repair,
while durability is taken to be a measure of potential useful life (as opposed to
"actual" life, which may be shortened by early discard, whatever the reason).
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Figure III-3.

cost

(CONSTANT (1987) DOLLARS)

§ 8 &§ &8 8 3
|}

Figure III-4.

1308
1N F
"ne [
10 r
i - TOTAL
_j‘ 0
2
gﬁ .
Bl |
g “ PURCHASE
L] w \
SERVICE
0 b
|
T — POWER
190 r- ey
(] y A = - 1 A | &5 L
“ « “. w S ®u n n n

MODEL YEAR

Trends in color television life-cycle cost, discounted to present
value at time of purchase and deflated to constant dollars.

amm—
b o~ TOTAL

MODEL YEAR

Trends in refrigerator life-cycle cost, discounted to present
value at time of purchase and deflated to constant dollars.

mr-17




Figure II-5. First-year service-incidence rate for television sets.
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5 1“ -
A

‘ 140 ;

HOUSEHOLD SERVICES —=

120 -

APPLIANCES —=
100 -
( ‘ 80 _J
a WASHING MACHINE REPAIR
m Ll Al T 1 T Al

1966 57 59 61 63 65 67 69 71 73 7
SOURCE: U.S. BUREAU OF LABOR STATISTICS

Machine Repair

TABLE ITI-5. NEW APPLIANCE SERVICE LIFE IN YEARS

Figure II-7. Cost Indexes for Appliances, Household Services and Washing

1972*
Dept. of

L o

12
13

20
15
11
11

14
13

11
12

1957-61*
Product Dept. of 1970*
Agriculture (a) Manufacturer (b) Agriculture (¢)
Room air conditioners - 12
Ranges - electric 16 16
- gas 16
Freezers 15 18
Refrigerators 16 156
Dishwashers - 10 :
Clothes washers 10-11 10
Clothes dryers - electric } 12
14
- gas 12
TV sets - black & white 11 -
- color - --
*Date of data
Sources: (a) Pennock and Jaeger (1964); (b) MIT (1974);
(¢) Ruffin and Tippett (1975).
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Though it does not necessarily follow, one might expect that durability would increase
with reliability, yet there is no observed trend of increasing life over the same time

span that reliability has increased (Table III-5).

This underlines the fact that customer preference is vital in determining the life
expectancy of products, and regardless of whether products are still functional, they
are discarded for many reasons, among which may be: rising service costs, affluence,
a weak used-appliance market, and other reasons such as population mobility, ap- - ,
pearance, and lack of replacement parts. Thus, any attempts to increase life expectancy 1
would have to go beyond the technical problems of increasing durability, and deal with
this issue, Most future costs represent a significant fraction of the consumers' total
cost even when these are discounted to present values; however, consumers discount
future costs heavily, and if national conservation goals reflect future costs, consumer

behavior may run counter to these goals.

4, Total System Assessment and Policy Implications

In considering policies that effect product life one must consider the total system ﬂ
from concept through manufacture, use, and discard, along with all of the exogenous
variables which effect these processes (Figure ITI-8). In this way the many pressure ~
points become explicit, and it is easily understood that the impacts of any policy are
different for different sectors of the system. This justifies an expenditure of effort
to involve necessarily all of the affected "publics' in the process of evaluating impacts
of policy, and it is not surprising to find that such involvement is sought by the Office
of Technology Assessment in its assessment of "'materials conservation through less
wastage', It follows from the foregoing that resource demand, solid waste disposal, :
and pollution would be expected to decrease with increased product life, but there are 33

also some disadvantages to be considered. Some feel that innovation would be stifled,
or at least delayed. The decreased demand for products would cause an economic de-
cline which would be partially, if not wholly, offset by the flow of the money saved to
other markets (higher standard of living ?). The timing of the policy is also important,

for example such an economic decline in the household consumer durables sector would
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at present be offset by an expected increase in household formation in the next five
years. At a later time, its consequences would probably be more drastic. Any effort
to stock replacement parts for products with extended life expectancy would require
a comparably larger shelf life for these parts at a cost of about 20% of their value

compounded yearly.

Tﬁus we could assess policy which would affect the design process by encourag-
ing increased reliability, durability, substitution, repair, and recycling. In fact,
legislation affecting product life is usually directed at the point source of the product,
dealing with labeling and the reduction in energy consumption of consumer products
(e.g., Consumer Product Safety Act of 1972, the Magnuson -Moss Warranty Act of
1975 and the Energy Policy and Conservation Act of 1975), but it is easy to envisage
ways in which the other sectors could also be directly affected.

Beyond technology, what policies might be implemented to increase product life ?
These might include mechanisms to reduce cost of repair (design), reduce the ratio of
service/purchase cost, encourage re-manufacture, remove uncertainty of future costs
(warranty), provide consumer education and information, etc. It may be useful to
consider remedies according to the stages in the life of a consumer durable; design
and manufacture, use, maintenance and repair, and discard/replacement. The reg-
ulatory or legislative options, the agents, the agencies and the impacts are distinctly
different for each of these stages.
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‘ C. "NEW MANUFACTURING TECHNOLOGY FOR MATERIALS CONSERVATION"
3 BY ROBERT E. MATT, AEROQJET GENERAL

4 Wear has a dual personality. To many it is simply increased performance or longer

4: life. Wear, however, can either be "CONTROLLED" or "UNCONTROLLED".

Increased performance or longer life are the units of measure of uncontrolled wear.

The units expressed as a percentage value, relate to material or equipment usage, and
consequently to material conservation. Controlled wear, the more direct approach to
material conservation, is indicated by new manufacturing technology. Its unit of measure
is the ability to produce parts or equipment utilizing lower cost or lesser quantities of

raw material. It may or may not be accompanied by benefits in uncontrolled wear.

Significant advancements in manufacturing technology have occurred in recent
years, including the substitution of plastics for metal, the development of composite
materials and powder metallurgy. It is the latter subject that is of concern in this

analysis of conservation of materials through controlled wear.

Powder metallurgy is not new but until the last 10 to 15 years, has been considered
a low technology industry. The Air Force has been the stimulant with their requirement
for increased performance engines at hopefully reduced costs. The approach currently
emphasized is the production of near-net-shapes for forging. The basis for their efforts

is the controlled wear of superalloy engine components.

The current superalloy requirement for Aerospace applications is estimated at
30, 000, 000 pounds per year, of which 50% is estimated to be used in the production
of large components such as turbine discs, The following is a cost breakdown of a
conventionally forged Inco 718 turbine disc:

Basic Metal 20%

Melting 2%
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Forging and Heat Treat 11%
Machining 54%
Inspection and Test 11%
Misc. 2%

This example is of a finished part weighing 15. 5 pounds. The starting billet weighed
235 pounds. Approximately 200 pounds were removed in rough machining at an estimated
cost of $5. 00 per pound, and 19. 5 pounds were removed in final machining at an esti-

mated cost of $15. 00 to $20. 00 per pound. The finished product was valued at $4, 500. 00,

The use of hot isostatic powder metallurgy techniques to produce a forging preform
allowed the disc to be produced from a 45 pound blank. The cost of the subsequent disc,
including machining, was $2, 000, 00. This represents a direct cost savings of $2, 500, 00
in machining and materials plus a long term, indirect savings in machine tool require-

ments.,

Another example of powder metallurgy controlled wear is evident in the production
of high speed steel cutting tools which have been cold pressed and sintered to shape and
100% of theoretical density.

Although the concept of pressing P. M. parts to shape is not new, the ability to
produce precision, complex parts of 100% density from complex alloys is. Some of the
parts (Figure III-8A and Figure III-8B) produced by this technique include spade drills,

milling cutters, thread chasers, pipe reamers, end mills, hobs, hex punches, and broaches.

The objective of the technique is to produce parts matching the semi-finished shape
and tolerances of the cutting tool in its configuration prior to heat treatment. In some
cases, supplemental machine tool operations are required while in others, only finish
grinding. Acceptable dimensional tolerances vary with the configuration but in most
cases follow the schedule shown below:

1" dimensions +0, 010

2" dimensions +0, 015

3'" and over +0, 005 per inch.
I-24
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Material savings range from 30 to 60% depending on the part produced.

Commercial Powder Metallurgy
Tool Type Machine Tool, b, Parts to Shape, b,
Rough Stock Finished Tool Sintered Tool

4" dia Mill Cutter 16. 54 8. 60 8. 50
1.5" dia End Mill 2.88 1. 57 1. 57
1. 0" dia End M{ll 1.28 0.76 0.176
0.75" dia End Mill 0.61 0.25 0,25
0.375" dia End Mill 0.30 0.11 0,11

In terms of controlled wear, these savings are substantial and for materials which
cost typically $2. 50 per pound, allows plenty of margin for new product development,
The significance in material conservation arises in the analysis that the already proven
P. M. technology has as its goal a 113, 335 net ton tool steel market (AIST 1974) of which
30, 000 net tons are the more costly high speed steels. Using a conservative estimation;
if this particular process enjoys a 40% average material savings and can be applied to an
immediate 5% of the high speed steel market, it will have conserved an estimated 6 tons
of vanadium, 24 tons of molybdenum, 24 tons of tungsten and 30 tons of chromium, The
market value of the steel conserved would be estimated at $3, 000, 000, This does not
include the other metals making up this alloy class or other alloy steels such as stainless
steel nor the cost of tooling and equipment necessary to produce the parts.

In an evaluation of uncontrolled wear, cutting performance has been evaluated in
drilling, milling, and single point cutting tests. Performance in all cases has been at
least equivalent to the commercial counterpart and in most cases superior. The improved
performance waa best indicated in tools with shallow edge support and in applications of
impact loading during interrupted cuts. In the instance of 3/8'" jobbers drills, the P. M,
material was found capable of operating at an 18% faster cutting speed for drilling the
same number of holes. In terms of uncontrolled wear, this means that 4 machines could

be utilized to do a job that would normally require 5.
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The potential of the P. M, developments are significant in terms of both controlled

and uncontrolled wear. Currently, the sintering of parts to shape has been limited to
cutting tools. Future efforts may focus on bearings or other high load requirement
hardware. Only minor development efforts would be necessary to advance the concept
to stainless steel. Superalloys and titanium alloys have not yet been considered but the
concepts involved are basic; hence they should apply to any metal. Eventually they may
even include producing a 15. 5 pound turbine disc from 15. 5 pounds of metal.

D. "ECONOMIC FACTORS IN PRODUCT DURABILITY"
BY CARL M. MADDEN -- CHIEF ECONOMIST, CHAMBER OF COMMERCE

REMARKS PRESENTED AT WORKSHOP BY R.S. LANDRY, CHAMBER OF COMMERCE

1. The Consumer Viewpoint

Durability is only one of several factors influencing the final consumer's decision to
buy a particular product. If we consider the whole range of durable consumer goods, in-
cluding the most expensive of all -- housing -- it is clear that frequently durability is
low on the consumer's scale of values. The most noteworthy example of this fact is the
automobile. If consumers were primarily concerned with automobile durability they
would be much more inclined to purchase Jeeps or the consumer version of the Checker
Cab rather than the more stylish autos with various deluxe comfort features that, in the
past at least, have captured their fancy. In fact, the consumer's marked high interest
in automobile style, appearance and comfort is evidenced by the short period of time --
some three or four years -- of average retention of an auto. It might be argued that the
average retention period would be longer if the machine were more durable. But to sup-
port this proposition the exceptions to the general rule would have to be cited. Excep-
tions, such as the Mercedes Benz and the Rolls Royce, are expensive automobiles
whose expense reflects the larger investment, not only in durability but in machines
that require a higher proportion of labor than production-line models and whose style
and design change little from year to year. In these instances the snob appeal of the
more expensive -- and distinctive -- Mercedes or Rolls appears to be the major factor
affecting consumer choice, not durability per se. A better test for measuring more

precisely the relative importance of car durability to the average car buyer would be
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for Detroit to build more durability and fewer style changes into its autos, and watch
sales of the new models. This is unlikely to happen, however, in the present circum-
stances of high energy costs and environmentally imposed costs on the industry. This
is especially so, because greater durability under existing technology means greater
weight and poorer gas mileage.

Recent auto sales reports indicate the shifting nature of consumer preferences for
different sizes and models. Now that the price of gasoline appears to have stabilized
and gas is readily available, the consumer is concentrating his car buying on medium-~
sized, fully equipped models rather than sub-compacts or large models. This shift
might be construed as a desire for more durability but only indirectly, since a larger
and somewhat more expensive car (without extras) is not only more durable but is
also roomier, more comfortable and more prestigious, all qualities that appeal to the

average buyer.

It is undoubtedly true that durability is a much more important consideration in
housing than in autos. But this does not mean necessarily that a larger share of the
consumer's outlay represents housing durability. The installment method of financing
both autos and housing, along with higher interest rates, has caused interest payments
on a 30 year mortgage to represent more than one-third of the total consumer outlay
if the mortgage is held to maturity. Also, the high turnover rate of houses suggests a
lower preference for durability than was true in the pre-World War II era when the
population was less mobile and incomes were lower. Probably durability is most im-
portant in general to the final buyer of basically utilitarian household equipment such
as furnaces, air conditioning units, washers and dryers, refrigerators and freezers
and certain furnishings ~- rugs, carpets, clocks, draperies, and the like. Electronic
equipment, such as radios, television sets and home stereo and movie equipment, is

subject to rapid obsolescence and lies therefore somewhere in-between the two extremes

on the durability scale.

The trend toward numerous built-in household appliances in the modern home,

including several already mentioned, plus dishwashers and food disposal units, has
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probably increased the relative importance of appliance durability, because such equip-
ment becomes a part of the most durable product -- the house. In heavily urbanized
areas, in fact, realtors advise home sellers to repair cr replace all worn or defective

household equipment before putting the property up for sale.

The examples that I have cited certainly suggest that extreme caution should be
used in heavily emphasizing durability as a factor influencing consﬁmer choice. Quite
to the contrary, as we know from numerous surveys of consumer attitudes and buying
habits, the consumer is bombarded and influenced by a large number of competing
pressures that marketing analysts have recognized for many years. Examples run
from the most pedestrian factors such as relative prices, income, ease of access to
financing, and financing terms, to the highly subjective and less easily measured as-

pects of consumer cholce such as comfort, styling, convenience and performance.

Since the theme of this workshop is less wasteful use of scarce materials, I am
reminded in this connection of an economic study on "Unused Resources and Economic
Waste" by David Rockefeller -- his doctoral dissertation, in fact. The principal con-
clusion of this study was that, far from being simple, the notion of waste is a com-
plicated one that involves subjective evaluations by individuals and groups. For example,
the idea of waste is basically parallel to the idea of scarcity and higher price. Scarcity
is an idea that has been around for a long time and in fact, lies at the heart of Econo-
mics. Yesterday's economizing s today's waste, as the recent escalation of energy A
costs has demonstrated. Oil and natural gas displaced coal as major sources in the
1940's, 50's and 60's because coal was more expensive. Now the situation (s reversed
and the prices of oil and gas are higher than the price of coal, so demand for the latter
has increased. If resources were not scarce there would be no need for a price system
to indicate their relative scarcities and to assist both producers and consumers in
allocating these resources among competing uses. When viewed in this way, the
question of increasing product durability in order to conserve the use of certain re-
sources in short supply at the time i{s on a par with a reduced demand for any product
resulting from an increase in the product price. If other product characteristics such
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as styling are minimized in order to offset the higher cost of more durability, con-
sumer demand for the product will also be less if the particular mixture of durability
and styling is not the one that most consumers of the product desire. In a market
oriented economy, greater product durability cannot be forced on consumers in an
effort to reduce demands on resources that happen to be in relatively short supply at
the time. Only in a controlled economy would this be possible and even there it is im-
probable.

2, The Producer Viewpoint

Like the consumer, the producer views durability as only one of several product
dimensions. Since he is constrained by total cost considerations, the typical producer
will have to reduce cost outlays on some other product characteristic in order to in-
crease durability. Building more durability into the product will increase its capital
intensity. Increasing the capital intensity will increase the cost of capital incorporated
in the product relative to the cost of labor. With the price of his product given, only
if the price of capital is reduced relative to the price of labor will the producer be
motivated to substitute durability-increasing capital for labor. This will be true re-
gardless of whether the buyer of his product is another business firm or a final con-
sumer. As I mentioned earlier, the buyer of a consumer durable good is influenced
by a large number of considerations other than product durability. If the product price
is unchanged the consumer would presumably be happy to have more of all product
characteristics, including durability, but if the price is raised to cover the higher
cost of more durability, product sales may suffer. The business firm that buys a
producer's durable good will react similarly to being charged a higher price. Of
course, durability is a more important product characteristic in the typical producer
good than in the typical consumer good, but the question at issue is the same for the
producer of either kind of product -- namely, will it pay to build more durability into 4
the product at the expense of building less of other product characteristics that appeal
to the buyer ? This is a competitive question for the producer -- similar in scope to

building greater safety or less environmentally harmful characteristics into the |

product. Governmentally imposed safety or environmental standards have increased
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the costs and prices of affected consumer goods and have affected sales adversely to
the extent that less expensive substitutes have been available in the market. The same

reduction in sales could be expected as the result of a government-mandated increase

in product durability.

o g cme e
e St ety e

3. The Social Viewpoint

The social viewpoint on more product durability as a means of conserving scarce

resources is embodied in the public's collective choices through government programs,

R IR AT

The essential contrast between business and government has been traditionally that

each maximizes something different: business maximizes total private consumer satis-

e

faction by producing the kinds and quantities of products thut consumers have indicated
through the market system they as individuals desire most at specific prices. Govern-
ment, on the other hand, tries to maximize the 'general welfare', mainly through
income-redistributing spending for health, education and welfare and public services.
Also government programs result from political voting, unlike the economic voting of

consumer spending in the marketplace.

So government operates through a market system of sorts, but not according to
ordinary competitive market forces. Because of its great size, government competes
successfully with private consumers for the output of business and with business for
productive resources such as labor and capital, using tax monies or borrowed funds.
Moreover, there are as yet no generally accepted social cost-benefit measurements
for government programs similar to the private cost-benefit comparisons made by the
millions every day in the market economy by individual consumers and business firms.
Consequently, a government decision to require greater product durability than would :
be determined by free market forces would have to depend on altering market supply
and demand enough to achieve the social objective of greater product durability. - '

If the public accepts the social objective of greater product durability, there are 3
only a few ways of achieving this objective through the private enterprise economy,
One way is through setting minimum performance or product standards, as in the y

instances of product safety and environmental protection. With the development of |
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case histories of these efforts, it is becoming clear that some standards have been
arbitrarily set and even have been frustrated by consumer resistance, as in the In-
stance of auto seat belts or by unexpected adverse consequences, as (n the instance
of proposed EPA air quality standards that would effectively prohibit new economic

actlvity in vast areas of the country.

Another way of achieving social objectives through the market economy would be
for government and business to operate in a consortium arrangement, like Comsat,
with a joint directorate. But the Comsat example may not be a useful guide to firms
producing for established consumer markets, because of the conflict between private
cost-benefit comparisons in such markets and public cost-tenefit comparisons in
markets for public goods. Moreover, the international telecommunications satellite
operated by Comsat is more like a highly regulated public utility than it is a private

consumer good or service.

Finally, government could revert to the New Deal device of cartelizing industry,
as under the National Industrial Recovery Act. Such a cartel arrangement would re-
quire each business firm to conform to lndustry;established and industry-enforced
standards of output, price and product quality. This approach would necessitate a
radical change in national economic policy, especially the free-market orientation

expressed in our antitrust laws.

4. Summary

A proposal to increase product durability as a means of conserving scarce
materials is on a par with any proposal to change the mix of a product’s characteris-
tics. Proposals of this nature have both cost and demand implications. On the cost
side, if the market for the product is competitive, with average cost equalling price,
producers, in order to keep their average cost unchanged, will be forced to offset
the higher cost of more durability by reducing or eliminating some other product
characteristics. On the demand side, if the new mixture of product characteristics
is less appealing to consumers at the given price, sales and profits will suffer,
Therefore, producers will resist proposals to increase product durability so long as

consumers do not demand it.
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If government tries to Influence producers' decisions in industries using scarce

materials by mandating more product Jurability, consumer resistance will still re-
main a problem, And {f the substitute products to which consumers turn use appreciable
amounts of substitutes for the scarce resources the substitute resources could become

scarce in turn,

The point of the whole matter of scarcity is that in most cases the price system
will adjust to the different relative scarcities of products or raw materials by reducing
demand for the now scarcer {tems (through higher price) and stimulating their pro-
duction (again, through higher price), possibly through application of improved tech-
nology.

E. "TECHNOLOGY AND ESTIMATING PRODUCT DURABILITY"

BY JOSEPH JOHN, IRT CORPORATION

1. Introduction

Any attempt to estimate durability of a product has to take into account the -
statistical nature of failure occurrence. In most cases, there exists a certain prob-
ability distribution that describes the failure rate for a collection of identical products.
Such distributions cover the average behavior of the product, but provide little assis-
tance in exactly predicting the durability of a specific item within this collection.

This may be illustrated by analyzing a hypothetical product with some mean life,
say 10, 000 hours. In order to keep the illustration simple, the distribution of failure
is assumed to be normal. In this case, the failure rate is distributed symmetrically
about the mean life of 10, 000 hours, In actual practice, however, products seldom

follow such a symmetric pattern.

In Figure MI-9 is plotted the probability for failure each hour as a function of the ~
hours in operation. In this figure are shown a narrow distribution (continuous line)
described by a characteristic width (0) of 1, 000 hours and a broad distribution (dotted
line) with a width of 3, 000 hours., Both have a mean life of 10, 000 hours. The broader
distribution could be attributed to a poor manufacturing process, for example. Although
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Figure ITI-9. Probability of failure per hour of operation as a function
of service for two arbitrary cases. Each have mean life of
10, 000 hours. Onme product is characterized by a narrow
distribution (0= 1, 000 hours) while the other has a broad
distribution (0 = 3, 000 hours).
both distributions provide a mean life of 10, 000 hours per product, the useful life
obtained from the product differ significantly when high reliability is required of the

product.

This dramatic difference in reliability for the two cases is graphically demon-
strated in Figure III-10. Here the cumulative probability for failure is plotted as a
function of the number of hours in service for the two distributions discussed above.
In the case of the broad distribution, two percent failure can be expected by 4, 000
hours in operation, whereas it takes nearly 8, 000 hours to reach the same cumulative
probability in the case of the narrow distribution. Hence, for 98% reliability, the use-
ful life of the product belonging to the broad distribution is roughly haif of that ex-

pected from the narrow group.
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Figure IMI-10. Cumulative probability of failure, for the two cases shown
in Figure III-9, plotted as a function of hours in service.

The effect of replacing components on schedules based only on failure probabilities
is shown in Table ITI-6. Here the useful life and the number of parts of each group
required for 100, 000 hours service are tabulated as a function of cumulative failure
probabilities that can be permitted. In highly reliable systems (like aircraft or nuclear
reactors) the useful life is strongly dependent on the failure distribution.

The above discussion is an extremely simplified description that serves to illus-
trate the cost penalty that could be involved in scheduled component replacement. The
parts cost component of this penalty is significant when only small failure probability
could be tolerated and becomes less important as the system is allowed to become less
reliable. Hence, when low faflure rates are required, significant savings can be
realized by CONDITION MONITORING, where a part is repaired or replaced depending
on its current condition, instead of PROGRESSIVE REWORK, where a part is repaired

or replaced on predetermined schedules.
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2. Condition Monltorlxgg_

Hence to correctly estimate product life, it is necessary to:

a) Precisely define failure probability distribution for the product class;
b) Accurately determine current condition of the individual product; and,

¢) Based on these, predict failure mode.

These could be combined Into an evaluation system as suggested by Bond (see ref. )
and {llustrated in Figure [MI-11 and I11-12, Figure [1I-11 shows the organization of
testing and material and information flow in most industries. A more complete
evaluation system i{s shown in Figure II-12 where the design, testing and operational
data are combined with fracture mechanics to forecast component behavior, and the

results are then used to modify designs, operation or testing methods.

A major element in this evaluation process, of course, is condition monitoring.
The traditional means of condition monitoring i{s visual inspection following component
disassembly. The disassembly and reassembly operations are not only time consuming,
and therefore expensive, but such operations can adversely affect product life. What is
required to eliminate or reduce disassembly is Nondestructive Inspection.

! 3. Nondestructive Inspection Techniques

Nondestructive inspection techniques have been developed and used over the years
| for testing components. In addition to visual inspection, some of the more conventional

techniques used are:

| a. Dye penetrant,

| b. Magnetic particle,
¢. Ultrasonic,
d, Eddy current, and

e, X-radiography.

With greater emphasis on product reliability, durability and ma erial conservation,

maintenance inspection has gained considerable importance. In support of this, a

number of advanced nondestructive inspection techniques are evolving. These include:
a, Neutron radiography,

b. Laser holography,
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¢. Acoustic emission,

d. Acoustic holography,

e. Infra-red and microwave,
f. Magnetic resonance,

g. Mossbauer effect, and

h. Exo-electron emission,

In addition to developing new techniques, greater emphasis {s being placed on
quantitative inspection to provide the necessary input to evaluation schemes.

4, Recommendation

It is recommended that any program to improve product durability must include
a parallel emphasis on rapid and nondestructive inspection and evaluation techniques
for the benefit of both the manufacturer and the end user. In addition, it is recommended

that

e A national data bank be established for all information on materials, techniques
and equipment as they apply to wear and corrosion.,

® A mechanism be established for effective dissemination of this data.

Overall, it is proposed that a well-focused national research and development effort
be conducted to provide improved nondestructive evaluation techniques for detecting
and monitoring corrosion and wear, for developing better corrosion and wear resistant

materials and improved dissemination of available information.

5. References

A.R. Bond, "Mathematical Considerations of Good Inspections', Paper presented
at Management Discussions on "NDT as a Management Tool" London, 1972
(Private Communication).

F. "ECONOMIC AND FINANCIAL CONSIDERATIONS IN THE DECISION TO REPLACE

OR RETIRE EQUIPMENT"
BY PAUL LERMAN, ASSOCIATE PROFESSOR, FAIRLEIGH DICKINSON

UNIVERSITY

1. Introduction

The subject of prolonging the life of capital equipment cannot be approached solely

from the technological viewpoint but must be viewed also on the basis of financial
I1-41
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merits. For it is the financial decision-maker who ultimately decides on the replace-
ment or retirement of equipment. Thus it is imperative to consider the subject under
discussion at this meeting, improved durability through wear control, from its financial

implications as well as its technological implications.

In order to do this, it is necessary to have some understanding of how financial
decisions are analyzed and by necessity, this will involve a brief discussion of accounting
practices as well as taxation policies. It is the purpose of this particular discussion to
investigate the financial decision making process as it relates to the replacement and

retirement of capital equipment.

2. A Conceptual Framework for Replacement and Retiremant Decisions

Before discussing the mechanics of the financial analysis process, it is worthwhile
to pause for a moment and discuss the costs associated with capital equipment as it ages.
We are all aware that as machinery ages operating costs tend to increase due to require-

ments for increased maintenance, increased downtime, and reduced operating rates. In

addition there are costs which may not be quite as obvious. These are costs that must
be related to improved equipment that may be currently available for replacement. For

example it may be assumed that the operating costs of the new equipment would be less 1

2

than the cost of the existing equipment and, therefore, this cost must be considered. In
addition there may be differences in the quality of the output between the two machines {3
which must be considered.

L&

Another major cost associated with capital equipment is the capital recovery cost
associated with the investment itself. These costs decrease (on an annualized basis)

as the equipment is utilized for an increasing number of years. '3

It is not only operating costs or capital recovery costs by themselves that are of .
interest, but rather it is the total cost of the equipment (operating costs + capital \
recovery costs) that is of concern. This has been shown graphically (1) as follows

in Figure III-13,
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Figure IM-13. Average Annual Cost of Capital Equipment

It can be seen from Figure IMI-13 that a tradeoff of the two categories of cost result

in a total cost curve which has a minimum point at the optimum retirement age.

3. Accounting for Capital Equipment

The previous discussion should provide us with insight as to those costs which are
relevant to the replacement or retirement decision, but it does not tell us how to opera-
tionally arrive at the decision. In order to understand the mechanics of the appropriate
financial analysis, it is necessary to briefly discuss the method of accounting for capital

equipment.

When capital equipment is acquired (that is equipment with a life in excess of one
year) the cost of this equipment ultimately finds its way to the corporate balance sheet
in an account referred to as plant and equipment. As the equipment ages it is depreciated
and the amount of this depreciation is credited to an account referred to as accumulated
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depreciation. The question arises as to just how the accountant defines depreciation.

One definition that has been given (3) is that '""Accumulated depreciation is the accountant's

measure of the total lifetime service potential that expired prior to the date of the
balance sheet," As we shall see however, the actual value carried as accumulated de-
preciation at any given time in many cases is not truly representative of the service
potential that has expired to date. This becomes apparent when one realizes that there
are several accepted methods for computing annual depreciation charges, each one

resulting in a different value.

The method that is used to depreciate an asset may be based on time or may be
based on usage rates. We will discuss the methods based on time since these are most

commonly used.

There are three methods commonly used to calculate depreciation charges, straight
line, sum-of-the-years-digits, and (double rate) declining balance. Using straight line
depreciation, the charge is the same duriug every year of the life of the asset whereas
with the latter two, the so-called accelerated depreciation methods, the depreciation
charges are larger for the early years of life than for the later years. The mechanics
of these computations may be found in any accounting text, for example (3). It is im-
portant however, that we review the results of each of these methods when applied to
the same asset, These results are given in Table ITI-7. Note that each of these methods
result in the same amount of accumulated depreciation at the end of the life of the asset.
What is different is the timing of the charges, the effect of which will become quite

obvious as we analyze the financial decision,

Since these time patterns of depreciation are quite likely not to be representative of
the true service potential that has expired, the question arises as to why we are
interested in these methods at all and how do they affect the decision to replace equip-
ment. The fact of the matter is that the depreciation method plays a large part in this
decision through the effect of corporate income taxes. Depreciation is an allowable
expense in the computation of taxable income, and tax considerations play a substantial

role in all financial decisions.
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TABLE II-7. COMPARISON OF DEPRECIATION METHODS

EXAMPLE: Original asset cost = $36,000

Salvage value = §1, 500

Life = 12 years

Sum-of-the Years' Double-rate
Digits Declining-Balance ssiss

i ‘Beginning Annual Beginning Annual Beginning Annual
Book Value Charge Book Value Charge Book Value Charge
1 $36,000 $ 5,308 $36, 000 $ 6,000 $36, 000 $ 2,875
2 30,692 4,865 30, 000 5,000 33,125 2,875
3 25, 827 4, 423 25, 000 4,167 30,250 2,875
4 21, 404 3, 981 20, 833 3,472 27,375 2,875
5 17, 423 3,538 17, 361 2,894 24,500 2,875
] 13, 885 3, 096 14, 467 2,411 21,625 2,875
T 10,789 2,654 12, 056 2,009 18,750 2,875
8 8,135 2,211 10, 047 1,709 15,875 2,875
9 5,924 1,769 8,338 1,709 13, 000 2,875
10 4,155 1,327 6,629 1,709 10,125 2,875
11 2,828 885 4,920 1,709 7,250 . 2,875
12 1,943 443 3,211 1,709 4,375 2,875

13 1,500 - 1,502 - 1,500 -
Total $34, 499 $34, 498 $34, 500

Note: For double declining balance the depreciation rate is twice the
reciprocal of the asset's expected life, with no explicit recognition
of end-of-life salvage. The depreciation charge stabilizes at $1,709
in the eighth year. This is necessary if the depreciation charges are
to reduce the machine's book value to $1, 500 at the end of 12 years.
The practice is to switch to straight-line depreciation in the year
that the declining balance charge falls below the average remaining
depreciable amount. This took place in the eight year.
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4. Corporate Income Taxes

Without discussing the very complicated Federal Income Tax laws in any great
detail it will serve our purpose to note that corporate income taxes are computed as
follows (taxable income year 1975):

Normal tax: 20% on first $25, 000 of taxable income, plus
22% on taxable income over $25, 000
Surtax: 26% in taxable income over $50, 000.

Thus in effect the stated tax rate for corporations of any substantial size at
all is 48%. Historically this rate has been approximately 50%. Note that this rate is
applied to taxable income which is arrived at through subtraction of certain éxpenses,
including depreciation, and other allowable deductions from gross income. Itisa
simple matter to compute that each additional dollar of depreciation expense (which
in itself is a non-cash charge) results in a saving of $0. 48 in tax payments.

One other feature of the current tax law that should be mentioned is the invest-
men'; tax credit. The investment tax credit, which the Tax Reduction Act of 1975
raised to 10% for a limited period permits a credit based on asset cost against tax
liability when certain qualified business property is placed in service ( a credit is
subtracted directly from tax liability resulting in a $1.00 tax saving for each $1.00
of credit). The amount of the credit is computed, with some exceptions by taking
10% of the cost of the asset if the asset has a life of at least seven years. If useful
life is at least five years but less than seven years, two-thirds of the cost qualifies;
if at least three years but less than five years of life, one-third of the investment
qualifies. No credit is allowed for property with a useful life of less than three

years.

The rationale for the institution of this credit is the stimulation of investment
in a recessionary economy. The effect of this law from a materials conservation
viewpoint is less clear. The law encourages "premature equipment replacement
by redudnk the cost of the asset but this may result in replacements which are
more efficient having the effect of reducing energy consumption as well as the
consumption of other scarce resources.
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5. E 0 al sis of a a t Decision

An excellent example of an equipment replacement analysis is given by Van Horne
(5) which will be used to illustrate the methodology.

Consideration is given to the purchase of a turret lathe to replace an old lathe,
The old machine has a depreciated value of $2000 and it can be sold for this amount.
The estimated remaining life of the old lathe is five years.

The new machine has & purchase price of $18, 500 and will require installation at
a cost of $1,500. This machine is expected to cut labor and maintenance costs and
effect cash savings totalling $7600 annually before taxes for the next five years after
which there will be no saving, and it is not expected to have any salvage value. We will
assume a tax rate of 50% and straight line depreciation.

The accounting analysis of the annual savings follows:

Book Cash Flow
Acct. Acct.
Annual Cash Saving $7,600 $7,600
Depreciation on new machine 4,000
less deprecfation oc old machine 400
Annual Depreciation Charge $3,600
Annual Income before Taxes 4,000
Income tax (50%) 2,000 2,000
Additional Income after Taxes $2, 000 $5, 600

Anmnual Net Cash Flow

Which of these "'bottom line'" figures is the correct one to use to describe the
real benefits associated with purchasing the new lathe ? Reflection on this question
will lead us to the conclusion that it is the cash flow account that truly measures
the incremeatal effect of replacing the lathe. More simply stated it is the cash flow
account which measures the actual amount of money that has flowed into (or out of)
my pocket because of the investment. The only use that is made of the book account
is the computation of income tax liability due to the investment.
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Having identified the benefit associated with the replacement, the next step is
to evaluate the investment in light of these benefits. There are several possible
methods of evaluation, but there is one in common use today which is the mcst logical
and which leads to unambiguous results. This method is referred to as the Net
Present Value (NPV) Method. Simply stated this method finds the "present value"
of the future stream of cash flows. The basic equation used in this regard is a simple
rearrangement of the formula used in the computation of compound interest. Letting

Cn = cash flow at the end of year n
P = present value of Cn
k =discount rate
we can write the present value of a single cash flow as:

C
n

P e —
(1 +k)

Thus for an investment associated with n periods of life the NPV expression may be

written as:

C1 C2 Cn

¥ gt e :
@+k) 44k @ +k)°

NPV = -C

The value of discount rate, k, that is used is usually the minimum return on
investment required by the decision maker. C 0 is the initial cash outlay (net).

For the example at hand assume that the required return is 10%. Therefore

we may write:
5,600 5,600 5,600
NPV =-18,000+ + P i

i SRR a+.1)°
5
Z 1

= ~18,000 + 5,600 = -18,000 + 5,600 (6. 1446)
‘ t=1 (1+.1)

= -18,000 + 34,409.76 = $16,409.76
II1-48

—" _—




Goane o il

The numerical value that is the result of the NPV computation is compared to
zero, since if the result of the computation were to be zero this investment would
be earning precisely 10%. Since the result of our computation was greater than zero,
the investment is earning in excess of 10%. Likewise if the result had been a negative
value for NPV the investment would earn less than the required 10%.

More important than the problem at hand, the basic NPV equation for evaluating
an investment provides us with some important observations regarding what the
characteristics of a ''good' investment should be. First of all, we note that as we
add more terms to this equation (representing additional years of life of the invest-
ment) assuming cash flows remain constant, the effect of each succeeding term on
NPV is smaller than that of the term before it due to the increasing nature of the
denominator. This observation provides some insight into the value of accelerated
depreciation methods since the tax benefits of these methods accrue in the early years.
We also should note that this time effect becomes even more pronounced as the dis-
count rate is increased. It has not been uncommon in recent years for corporations
to use a discount rate of 20% in analyzing capital investments. This is indicitive of a

desire to reap the benefits of a capital investment as soon as possible.

These observations have important implications for the subject at hand, that of
increased equipment durability. If the only improvement in equipment is to extend
its life at an increased initial cost, it is questionable as to whether this increased
initial cost can be justified financially when viewed from the standpoint of NPV.
However, if in the process of extending life the equipment were made more efficient
in terms of energy requirements, reduced maintenance, reduced downtime etc.,
resulting in larger positive cash flows throughout the equipment life it may be pos-
sible to justify the increased initial cost. One other possible method of altering the
cash flow pattern for equipment with extended life may be found in an appropriate tax

policy.
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6. Optimuin Service Life Decisions

There are several models that have been developed to determine optimal service
life of capital equipment. Most of these models are based on the NPV expression that
has already been discussed. In particular two of these models, '"The Pure Retire-
ment Model'" and the '"Constant Chain Replacement Model'" are based on the NPV
equation with the intent being to find the retirement or replacement date so that the
value of NPV is maximized. A description of these models may be found in Bierman
and Smidt (2) and Mao (4).

7. Summary

It has been the intent of this paper to discuss those aspects of the financial
decision making process which have an effect on the actual service liie of capital
equipment. As individuals who have come together at this conference to investigate
the advancement of technology resulting in material conservation we must recognize
that any solutions toward this end must be financially viable or corporate dacision
makers will not implement these solutions. Hopefully, this paper has provided some
insight into this particular decision making process.
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CHAPTER IV

TECHNICAL PAPERS PRESENTED AT THE AFTERNOON SESSION

A. "FOUR E's OF POWDER COATING: ECOLOGY, ECONOMY, EFFICIENCY,

EXCELLENCE"
BY HANI T. AZZAM, INTERRAD CORPORATION

Known as the four E's of powder coating, these factors have had a great deal to
do with the growth and acceptance of powder coating in the U.S. market. When a fifth
E - Energy is added, the significance of powder coating as a finishing method for
industrial coating becomes obvious.

1. Ecology -- Energy

Actually the pollution issue popularized the concept of powder coating in the late
60's. Los Angeles' Rule 66, which placed a limit on the amount of solvents that could
be emitted into the atmosphere, forced the industrialist to take a good hard look at the
substances within his finishing operation.

A study made by Hardy & Seitz of Sherwin Willilams documents the magnitude of the
solvent problem in the coating industry. Considering four alternative coating methods
including solvent enamel, high solids, water borne and powder, the solvent content
ranged from a high of 65% with solvent enamel, to 20% with high solids, 14% with water
borne and 1% with powder.

Solvent clearly became the safety issue in the analysis of the pollutants emitted by
the coating systems of the U.S. The DuPont Company took a look at the solvents emitted
in terms of annual waste. In an annual application of 177 tons of solids at 1.5 mils, their
study showed a dramatic differential with 168 tons of volatile solvent waste for the solvent
base system in contrast to just 2 tons for the powder system, measured over the same

one year period.

Taken in such large volume, the problem of waste placement for the coating system
became another critical issue for the industrial finisher.
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Added to this waste elimination problem, the necessity of replacing the air dis-
placed by the solvent in the booth (application area) itself gave the finisher an additional
air requirement, determined by the size and volume of his particular system. He had
to heat and replace that air in order to maintain a safe operating system. In powder,
this was not the case. And with the problems of reduced energy availability at a higher

cost, powder looked even better.

Toro, a lawn equipment manufacturer in Windom, Minn, with a 12 million sq. ft.
annual production, recently chose a powder coating system to replace their existing
solvent line. They did so as a part of their company wide energy savings program.
Their computations projected an annual energy savings of 4-1/2 Billion BTU's with
powder or 10% of their current energy expenditures. This savings is a direct result of
the reduced air make up and exhaust requirements that go with the powder system. The
reduction in exhaust and energy requirements in turn mean lower natural gas require-
ments in the critical peak demand periods of Midwestern winters. For example, last
winter Toro had to go on propane gas for 60 days at a cost of $180,000. With their new
lower energy requirements, they projected savings of $30, 000 for the coming winter.

In addition, the powder system will not require the continuing sludge removal
expenditures, including the cost of carting semi-loads of sludge in 55 gallon barrels
to incineration plants 15¢ miles away at an annual savings of $8,750. Add to this, the
savings on rejects with high cost of chemicals needed for stripping and cleaning which
amount to $25, 000 annually or 50% of current expenditures, and the economics of powder

becomes very clear.

2. Efficiency--Economy

Powder as a coating agent offers the benefit of substantial material savings. Unlike
the wet systems that lose the material not directly applied to the product, the powder
systems can reclaim the powder not applied in the first pass, recycle and reuse it for

coating the product.

Two case studies document powder's particular efficiency as well as Its economizing

features.
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Singer, Anderson, South Carolina, for example, chose electrostatic powder
coating to replace their solvent wet system. In the transition, they made extensive
studies of the coating process. In their final switch to powder, they were able to cut
the finishing process from 27 steps with the liquid application to 9 steps with powder.

Elimination of the primer coat, as well as the need for sanding and masking
accounted for some of the savings. As an added benefit, the powder finish applied in
one coat was so tough that the product could be machined after coating, saving additional
time. Not only did the sewing machine finish meet Singer's specifications, it did so at
a savings of $1.00 per machine.

Sylvania, Reidsville, North Carolina, found that a switch to powder meant an in-
crease in the reflectance (a requirement for their flourescent lighting fixtures). They
upped it to 90% with the powder finish, in contrast to 87% for the baked enamel fixture
and 83-86% for the porcelain fixture.

In a series of tests including pencil hardness, salt spray resistance, humidity
resistence, gloss and impact, powder outscored both the baked enamel and procelain ap-
plications.

But the economic considerations are even more impressive (see Ref,) given the choice
of either expanding the existing liquid system or installation of an entirely new powder
finishing system, Sylvania found that powder met their increased production require-
ments with the following operating cost savings as documented. (See Table IV-1).

During the past year, powder application equipment has gone through a revolution
of sorts. A new continuous filter belt located within the actual coating booth has re-
placed the cumbersome baghouse units for reclaiming powder. The new belt, which
works in conjunction with a small cyclone unit also increases reclaim efficiency to
100%, meaning total material recovery. Naturally, this new simpler design has ac-
celerated interest in powder application since the process can now be completed more

efficiently in a smaller area with fewer components. This accelerated interest has
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TABLE IV-1. OPERATING COST SAVINGS POWDER VS. WET SYSTEMS*

1974 1975 1976

Capital Costs None $ 30,000 None
Labor $23, 900 39,140 $146, 000
Royalties 13,656 ; 16, 387 20, 484
Clean-Up 7,572 9,858 11, 358
Sludge Disposal 1,115 1,400 1,673
Maintenance 6, 000 6,350 9, 000
Utilities

Gas 3,085 3,485 6,170

Water 212 348 424

Electric 1,238 1,575 2,476
TOTAL SAVINGS $56, 778 $108,513 $197, 585

*Key to Table as noted in paper by H. Homer

"Labor savings in 76, reflects elimination of need for second shift. Savings on
electrical costs were computed by Duke Power Co."

"Increased costs during 1975 and 1976 reflect the addition of 3rd. Handspray
booth and second shift. "

""Savings in gas consumption reflects lower ventilation requirements. "

""As exhaust air from powder system can be flitered and returned to the plant,
plant air make up can be reduced by 90,700 CFM. In addition, oven exhaust

can be reduced as much as 40% once system is fully converted to powder savings
in natural gas, costs shown are based on 1973 price or 40 cents per million
cubic feet. "

motivated large volume customers in appliance and lighting fixtures to go with the
fully automated capacity of the new belt system.

4. The Market

Powder coating shows signs of growing strength. With a penetration of 7.5% of
the industrial finishing market, the industries that have been with powder since the
beginning: automotive accessories, bicycles, electrical equipment, farm and garden
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equipment, fire extinguishers, glass bottles, lighting fixtures, metal furniture, ap-
pliance, including air conditioners, freezers, refrigerators, sewing machines, washing
machines, are continuing to purchase the latest in powder technology.

With the continued influence of the original 4 E's as well as energy, prognosis for
the future in powder is positive, with a continuation of today's high growth rate definitely

in the marketing program.
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B. "AUTOMOBILE DURABILITY"
BY DAVID J. BARRETT, FORD MOTOR COMPANY

Good afternoon, ladies and gentlemen. I have been asked by our hosts to present
a viewpoint on automobile durability as it relates to the conservation of several metals
which are used extensively in Ford Motor Company passenger cars. Although the
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primary concern of this workshop is the wear of these materials, it is my intent to

discuss the more general aspects of automobile durability.

Today's automobile is probably the most complex consumer durable product ever
mass-produced. Typically it contains about 15,000 components, many of which are moving
parts. It is designed for operation under a wide range of operating environments, in-
cluding ambient temperatures ranging from -20° to +120° F; air and road conditions
ranging from clean and dry to salt saturated and wet; road surfaces ranging from those
of the interstate highway system to the rutted, bumpy back roads in remote rural areas,
and elevations ranging from below sea level to upwards of 14,000 feet.

The modern automobile is designed to provide customer safety, comfort and con-
venience under all of these conditions even in the least expensive '"Base'' vehicles --
and to optimize comfort and convenience through incorporation of such features as
climate control systems, automatic transmissions, power steering and brakes and
sophisticated electronic entertainment systems. And, due to the economics of large-
scale manufacture, these 'plus' features are made available at prices that a large

proportion of auto consumers can afford.

Moreover, government standards on safety, emissions and noise have caused a

substantial additional increase in the complexity of our products.

I'm sure you've all heard the accusation that automobiles are designed for planned
obsolescence. It is typified by the joke about the guy who makes the last payment on his
car and walks out to find it collapsed in his driveway.

In contrast to that joke, let me cite an unsolicited testimonial that came to my
attention the other day from the owner of a 1969-Ford intermediate~sized station wagon.
He wrote that some years ago, when the station wagon already had 100, 000 miles on it,
he wanted to buy a new boat. He debated whether to purchase a new wagon and defer
the boat purchase or gamble on the wagon lasting and buy the boat, since he couldn't
meet the payments on both a new wagon and the boat. He wrote to say he gambled on
the wagon, and had completely paid off the boat, Furthermore, with boat towing added
to its pedigree, the wagon is still going strong at 176,000 miles.
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I wish I could tell you that 176, 000-mile station wagon is typical or better vet,

below average. But I can't, nor can anyone else. Unlike producers of other consumer
goods, we simply cannot tell you what the product life, or durability, of a given vehicle
will be -- in terms of miles or years. The fundamental reason we cannot is the incredibly

random use to which our vehicles are subjected.

And because of this randomness, we do not know how to design the complete vehicle

to any absolute limit of miles or years.

We do, however, have the ability to identify specific parts or components with high

repair rates, and we have a strong incentive to improve them.

Our most sophisticated customers are large fleet purchasers who generally have
the capability of evaluating product durability themselves and to whom the resale value
of the car when it is only a year or two old is a critical part of the purchase decision.
This is especially true of daily rental firms which, in many instances, replace cars
twice a year. The inherent durability of a car becomes especially important to individual
new-car purchasers as a trade-in factor when the particular model is several years old.
Since the average new-car purchaser retains his vehicle 4 to 5 years, the value of his
old car tends to influence his decision about the kind of car he will buy to replace it. If
durability is good compared to competition (all other things being equal), the trade-in
value of his car will be relatively high and he is likely to remain "loyal" and purchase
his new car from the same manufacturer. Accordingly, the manufacturer has very com-
pelling reasons for assuring that his car’s durability and repair record is at least

comparable to that of his competition.

The consumer is interested, of course, in reducing his total ownership cost. This
means achieving the best balance among initial purchase price, operating cost including
both scheduled and unscheduled maintenance, and trade-in value. The relative importance
of these factors varies greatly depending on the income of the purchaser, his ability
and interest in maintaining the vehicle himself, the amount and type of use of the vehicle,
and the length of time he plans to retain the car before trading it in. The balance among

these factors is complex, but the aggregate decisions made by purchasers ranging from
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sophisticated fleet-buyers to individual purchasers of all kinds constitute the competitive

pressures the manufacturer must consider in improving product durability.

We normally think of durability as the potential useful life of a product as distinct
from its expected or actual useful life. The actual useful life of today's automobiles is
dependent on many factors. These factors include the durability that is designed into
the automobile, the care which the owner exercises in operating and maintaining it,
features and functions of the vehicle compared to those available on or inherent in a more
recent model, and finally, the economics of performing maintenance vs. scrapping the

car and buying a replacement, whether new or used.

A car's life ends when it is '""retired. ' This could happen the moment it drives out
of the new car show room and is hit head-on by a truck. The insurance claims adjuster
concludes it would cost more to repair the damage than the car is worth, so it is "retired"
with virtually zero miles and zero time. At the other end of the spectrum ~- and im~
portantly there is no body of research on specifically why it happens -- a car is "retired"
because the last operator decides it isn't worth keeping any longer. The market value
has declined to, say, $50 for the old car and it needs a new set of tires for $100. The
owner can buy a different or better vehicle for somewhat more money and he decides

to retire the old car.

Durability improvements, as measured by controlled laboratory and proving ground
tests, will continually be incorporated into our cars, but these increases in potential
component life alone will not likely have any significant effect on actual vehicle life,

because today's chassis and drivetrain components are already designed to have a
potential life that significantly exceeds the time the vehicle is likely to be in service.

Ford has very stringent material specifications, and these are continually reviewed

and upgraded based on new technology and fleld performance. It has been reported that
our specifications are only exceeded by those used in the aerospace industry. Additionally,
Ford's laboratory and proving ground durability testing requirements have doubled in the
last 20 years for major vehicle components, including frames, engines, front and rear
suspension systems, axles and transmissions. Durability requirements for other, less

critical components, have also been upgraded significantly.
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Vehicle and component durability are confirmed through an elaborate series of
laboratory and proving-ground tests. We have the equipment and techniques to simulate
long term customer usage of a vehicle or its components in the laboratory in a matter
of weeks. The durability of components is evaluated through laboratory tests and on
prototype vehicles while they are under development, again at the pre-production level
and, finally, production parts are analyzed for compliance with our even higher accep-

tance standards.

Prototype vehicles are subjected to thousands of miles of "worst-case' testing at
our proving grounds; they are operated over cobblestones, square-edged potholes, and
other road surfaces designed to bend, twist, stress, fatigue and wear out parts. Pro-

blems which show up are corrected, and the whole process is repeated aguin.

In addition, we make extensive use of fleet testing to supplement the information
gained at our own facilities. Newly designed components are installed on fleet cars,
(some of which accumulate in excess of 800 miles a day), to acquire actual service
experience on new parts prior to their release for production. Representative produc-
tion vehicles are also tested on our proving grounds to assure conformance to the same

stringent requirements.

Some of the product improvements incorporated during the last twenty years include:

e Solid state ignition systems have eliminated the wear out of distributor points.

e Improved engine water pump bearings and shaft seals allow the pumps to last
for the lifetime of the vehicle.

e Improved body paint formulation with acrylic enamels.

e Interior trim materials, such as carpets and seat covers, have been improved
for significantly longer life.

e Introduction of disc brakes has resulted in longer lining life. (Disc - 32,000
miles vs. Drum - 25, 000).

@ Use of steel belted radial ply tires increased tire life to 40, 000 miles vs.
18, 000 miles for conventional bias ply tires.

To ensure that the production parts are manufactured and assembled with the

durability and reliability designed into them, elaborate quality control and inspection
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procedures are followed. The Ford Supplier Quality Control Specification is recognized
as one of the most stringent in the industry.

Improvements in the life of those components designed to minimize frictiou have
been even more dramatic. Over the years we have continually upgraded bearing materials,
lubricants and lubrication techniques. When recommended lubrication intervals are

observed, these components are just not expected to wear out.

These advances in durability have been accompanied by significant reductions in the "
need for scheduled maintenance. A comparison of selected service operations as recom-
mended in the owner's manual for 1976 models versus 1956 models shows that the lubrica-
tion interval for suspension components has increased from 1, 000 to 30,000 miles; engine
oil change interval has increased from 2, 000 to 5, 000 miles; automatic transmission

fluid replacement, formerly required every 10,000 miles, is no longer required.

These durability improvements have always been incorporated after study of the
complex inter-relationships among safety, fuel consumption, purchase price, maintenance G
cost, comfort and a host of other factors that both consciously and otherwise, enter into
the initial decision to purchase a car -- and into the even more complex decision about 1

"which car to buy next time. " :

The objectives, of course, are to reduce the need for owner maintenance, to reduce
the number of necessary repairs during the vehicle life, and to increase the length of

time vehicles are used. We have demonstrated some Ford actions that have been taken

(s

over the last 20 years to increase vehicle life potential, improve the durability of key
materials and components, and reduce the need for owner maintenance. We believe our

competitors have taken similar actions.

While we know that potential life has increased as a result of these actions, we also J
know that actual vehicle life has remained relatively stable. R.L. Polk registration data

for the composite of all makes and models show that median car life -~ the age at which
50% of the vehicles of a particular model year are retired from service for the total

United States -- has remained at about 10 years for 1955 through 1965 model cars.
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Since only a small proportion of cars of a given year are retired during the first few
years -- less than 20% after seven years -- it is not possible to calculate median life
for more recent model years. The data that are available, however, indicate that
median life for more recent model years (1966 - 1970) will be about the same as or
slightly less than for the 1965 models -- about 10 years.

Objective data also tells us that the average age of cars increased during World War
II and that, in the recent recession, fewer cars were retired. In the first case, no
replacements were available and in the latter case, economics dictated that car owners

delay major purchases such as new, or even higher valued used, cars.

Furthermore, we have some subjective data which suggest that cars can and do last
almost indefinitely, even when replacement parts are hard to come by. Take Cuba, where
reporters tell us the streets are still filled largely with 1950‘s-vintage American cars.
Or I could read you unsolicited testimonials all afternoon about 100, 000-mile or even
200, 000-mile cars.

It seems clear, then, that increasing potential durability will not alone achieve the
objective of longer-life products. One of the keys appears to be the way vehicle owners
use and maintain their cars. As regards the influence consumer maintenance has upon
vehicle life, there are several important data souces available. These data sources are
measurements of the influence of mandatory periodic motor vehicle inspection programs

(PMVI) upon median car life.

In Sweden, median car life was found to increase by about four years after a com-
pulsory motor vehicle inspection program was established in 1965. Under the strict
Swedish motor vehicle inspection program, vehicle life has gone from about 10 years
in 1965 to 14 years in 1974, while median car life in the U.S. has remained at about

10 years.

Limited data available for two pairs of states in the U.S. tend to corroborate the
Swedish experience. Pennsylvania and Virginia, which have had periodic inspection

programs for many years, were compared, respectively, with Illinois and Maryland,
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which do not have such programs. By comparing Pennsylvania with Illinois and Maryland
with Virginia, we can evaluate car longevity in pairs of states whose size, climate,
income distribution and degree of industrialization are comparable. We found median

car life in the states with inspection programs, Pennsylvania and Virginia, 7 months

and 20 months longer than in the respective non-inspection comparison states of Illinois

and Maryland.

It is our belief that compulsory vehicle inspection programs -- even when related to
safety only -- affect car life in two ways. First, and most important, the owner is
required to maintain the safety-related operating components of his vehicle, e.g., brakes,
lights, exhaust systems, tires, etc. This has the effect of reducing the rate at which the

vehicle depreciates, and thus provides greater incentive for the owner(s) to keep the ]

vehicle on the road longer. Second, the basic theory of periodic safety inspection is that

vehicles which are better maintained are less likely to be involved in collision with other

vehicles or objects. Chviously, the fewer accidents a car is involved in during its life,

and/or the less severe the damage sustained in accidents, the lower the cost of repair »

and thus the greater the likelihood the vehicle will remain in operation.

Ford and the Motor Vehicle Manufacturers Association (MVMA) have consistently
supported the PMVI programs for years because of their importance in improving vehicle y
safety. More recently, we have urged that PMVI programs be broadened to include
inspection of noise-related components; and, especially, functional checks of emissions~
control devices, to help assure that the air-quality improvements that the public is
paying for are indeed accomplished. Tests that assure that vehicles are tuned to manu-
facturer's specification will be beneficial to the control of emissions and fuel economy.
The need to conserve natural resources, and the relationship between PMVI programs
and car longevity, now provide an additional compelling reason for urging the adoption J
of PMVI.

Despite strong support for these programs by both our industry and the Department
of Transportation, 19 states still are without operative periodic vehicle inspection
programs. Beyond that, those state inspection programs that do exist vary widely in

implementation and enforcement standards and therefore in effectiveness.
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We believe there are compelling reasons for all states to have periodic inspection
programs, and that Federally developed performance guidelines should be used both
to upgrade existing programs and to formulate new ones. Furthermore, we support
Federal incentive grants to encourage the remaining 19 states to adopt effective vehicle

inspection programs.

We recognize, of course, that periodic motor vehicle inspection is opposed by many
because they fear that the cars removed from the road as a result of PMVI will be
vehicles owned by people in low income brackets. The Swedish experience did show
that a fairly large number of cars were "retired" during the first year of the program.
This is a consequence which cannot be avoided, but it is short-lived and thereafter the
cars which are purchased by people in low income brackets are in better condition and
will last longer. Further, it seems obvious that no service is done people in low income
brackets by permitting them to expose themselves and others to greater danger from
improperly maintained vehicles.

We do not mean to suggest, however, that the problem is all the fault of the con-
sumer. Over the years the automobile has become a much more complicated piece of
machinery as automobile manufacturers have responded to a myriad of consumer de-
mands for comfort and convenience equipment, and government requirements related
to safety and emissions. As the vehicle becomes more complex, it becomes more ex-
pensive, and often much more difficult to repair. More sophisticated equipment is
required both to diagnose a problem and accomplish the repair. Mechanics need more
training than ever before. And it becomes much more difficult always to have the right
part available at the right time.

To assist consumers in having their vehicles repaired, Ford Motor Company has
undertaken programs to improve the serviceability of the products and to reduce con-
sumer cost and inconvenience of having automobiles serviced. The Company has
established specific serviceability objectives at program approval time for all forward
model designs. These objectives are to reduce the amount of time to repair or replace

damaged or worn-out components such as spark plugs, shock absorbers and fan belts.
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In addition, in 1966 the Company started operating its own vehicle diagnostic center,
to provide dealer service personnel with the newest techniques in identifying causes of
automotive problems. As new advances are made in problem diagnosis and repair, dealer

service-personnel are informed through service builetins and training publications.

Many of our dealers, who of course are independent businessmen, also have en-
couraged their service mechanics to participate in the mechanics certification programs
sponsored by the National Institute for Automotive Service Excellence. Through this
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self-help program, mechanics are trained to identify the cause of the trouble and to
correct the problem faster which results in lower repair costs. Furthermore, dealers
are attempting to reduce the inconvenience of having cars serviced. Examples of this
include: providing loaners if the car has to remain in service overnight, and locating
dealerships near shopping areas where other errands can be performed while the auto-

mobile is being serviced.

There is a clear national interest in conservation of finite natural resources and
energy; but we believe increased potential vehicle durability would not have a major -
effect on actual vehicle life. It should also be pointed out that an automobile that is
retired from service does not represent anywhere near total loss of the materials used ;
: to build the car. According to a recent Department of Transportation study, prior to .8
! 1973 an average of 80 to 85% of the vehicles "retired" each year were being recycled
i through existing scrap-recovery channels. More recently, in 1973 and 1974, it has been

estimated that more vehicles were recycled than the number '"'retired'" from service.

\

This resulted in a reduction in the national inventory of junk vehicles but for this
progress to continue, we believe more state-organized junk vehicle recovery programs
must be approved. For many years, our industry has advocated that such programs be
financed by a modest increase in the annual fee for vehicle licensing registration, or
title transfer. A number of states, including Maryland, have adopted vehicle disposal \
programs in the last few years, and other states are considering simllar action. In |
addition to the high percentage of vehicles recycled, the recovery rate per vehicle is
extremely high. On average, 90-95% of the materials in junk vehicles are recoverable. 233

In fact, in some recycling operations, once the gas tank and tires have been removed,
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almost 100% of the material resources contained in obsolete vehicles are reclaimed.
There is, of course, a limited amount of energy consumed in converting the reclaimed
materials into new products, This is not intended to suggest that there is no problem --
but only to help place the problem and its individual elements in their proper perspective.

Let me briefly summarize what I have tried to document about durability in the auto
industry.

First, every vehicle manufacturer has a clear and demonstrable competitive interest

in improving the durability of its products.

Second, Ford Motor Company has continuously incorporated changes to improve the
durability of its products as well as to reduce the need for customer maintenance -- and

our competitors appear to have taken similar actions.

Third, vehicle and component durability improvements over the last decade or so

do not appear to have had a major effect on actual vehicle life.

Fourth, there is clear evidence that mandatory periodic motor vehicle inspection

programs produce measurable increases in actual automobile life.

Fifth, at the end of their useful life, most vehicles entering the recycling system
and virtually all of the vehicle material content is reclaimed.

C. "ECONOMIC IMPACT OF TRIBOLOGY (UK EXPERIENCE)"
BY D. SCOTT, NATIONAL ENGINEERING LABORATORY/WEAR PUBLICATIONS

1, tion

In the present and foreseeable future economic situation in the UK, material and
energy conservation is becoming increasingly important. As wear is a principal cause
of material wastage, and its associated friction a cause of energy dissapation, any
reduction of wear can effect considerable savings. To illustrate the costs involved it
has been reported1 that a simple bearing failure in a fully integrated steel mill can
lead to a total shut~down which at full output rate may cost £150~ £300 per minute. A
similar bearing failure on a modern generator set could involve the Central Electricity
Generating Board in a loss of £1- £ 20 per minute till the set was again operational.
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The British Government's concern about wear was such that a Working Group
studied the position of education and research in lubrication and gave an opinion of
the needs of British industry in the field. The Lubrication Report:2 renamed the subject
'Tribology' - "The science and technology of interacting surfaces in relative motion
and the practices related thereto'. The principal findings were that industry suffers
considerable losses resulting from inadequate appreciation of tribology, and that the
basic cause of this state of affairs lies in industry's lack of awareness of the subject.
It was estimated that an amount probably exceeding £515 million per annum can be
saved by improvements in education and research in tribology. With inflation, this
figure has probably risen to £1000 million today. Such improvements are significant
not only in cost saving but for material and energy conservation. They are crucial to
technological progress and have doubly significant implications for the economic well-
being of the nation and the reputation of British engineering products. Featuring pro-

minently as the major cause of plant breakdowns and failures was wear,

It is now a decade since the word Tribology entered the English language and there- &

fore a convenient time to assess its influence and economic impact in the UK.

2, Advisory Services

The National Centre of Tribology and Industrial Units of Tribology were set up at
Leeds and Swansea to provide expert advice to industry on the utilization of existing
and new knowledge in Tribology which was not being effectively applied. Tribology
advisory services, in addition, continued to be provided by NEL. Each has provided a
comprehensive service to meet the wide and diverse range of problems presented by :
industrya. The three new centres were provided with Government deficiency grants
but are now viable establishments operating as contact research organizations selling

their services at commercial rates.

3. Ed on and Trainin

Over 30 universities, polytechnics and technical colleges have incorporated courses
on various aspects of tribology into their syllabuses. A basic tribology module4 for
undergraduate mechanical engineering courses has been drawn up. Tribology is an elective
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subject for HNC in Engineering, and a Tribology content is included in some CNAA degree
courses. The Iron and Steel and Engineering Industry Training Boards include tribological

topics in their recommendation for the training cf craftsmen, Postgraduate research in
tribology, leading to higher degrees, is carried out at several universities; three have
Chairs in Tribology. A comprehensive selection of courses and training progrummes
is also available to industry.

4. Tribology Handbook

This pubucatlons, which presents tribological information to industry in a form
that is readily accessible and easily understood, fulfills the recommendation of the 'Jost’
report that a guide to tribo-engineering design be produced ror use by engineering de-
signers, draughtsmen and works engineers.

5. Cost Savings

Whilst it is sometimes difficult to identify and quantify benefits which accrue from
specialist advisory services, many case history examples6 serve to illustrate the
possible returns in relation to the expenditure 1nvolved7. The Chairman of the British
Steel Corporation is on record as stating that savings of £20 million a year could be
effected by reducing unnecessary wear. This is equivalent to about £1 per ton of steel
produced in the UK. In the first two years of operation the Corporation's own Tribology
Section at a cost of approximately £100,000 saved £12 million; reducing wear of hot
mill rolls saved £2 million, and improved linings of rod mills saved £100, 000 per annum.
A Government survey in 1971 showed a net benefit of considerably more than £125,000
on 50 contracts to a value of £16,000 placed on the Swansea T ribology Centres. Similar
findings apply to the work of NEL.

6. Current Trends

Economic pressures in the UK have created a swing from routine planned main-

tenance to failure-prevention maintenance, and thus increasing emphasis is being given
to techniques of on~line monitoring, both to prevent the unnecessary dismantling of
machinery implicit in the planned periodic maintenance scheme, which experience has
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shown can itself contribute to failure, and as a means of predicting deterioration to
allow timely remedial action before breakdown. Machines are becoming more complex,
and it is not possible to examine in-situ the totally enclosed working parts. However,
the lubricant which circulates through the moving parts carries with it evidence of its
experience in passage. Careful analysis of the lubricant allows interpretation of the

conditions it experienced in passage through the machine.

Wear particles are unique, having individual characteristics which bear evidence of
the conditions under which they were formedg’ 10. Thus careful examination of the mor-
phology, and determination of the composition of the particles of wear can yield specific
information concerning the condition of the moving surface of the machine elements from
which they were produced, and allow postulation of the mechanism of their formation
and the mode of wear in operation in the system from which they were extracted. Ferro-

graphy is a convenient method of extracting particles from a lubricant for analysism.

11
The theme of NEL is now safety and reliability  , and the Ferrographic oil analysis
!
procedure has been developed as a service to British Industry for machinery condition
monitoring; excellent results are being obtained.

7. Future Outlook

The era of making advances in engineering by improved design and materials from
successful investigation of failures appears to be past. 'On condition' monitoring of
expensive machinery to detect failure initiation and to allow a prognostic approach to
failure prevention by timely remedial maintenance is now becoming increasingly im-
portant and can allow the safe change from expensive planned periodic dismantling of

machines for maintenance to the more economic maintenance only when necessary.

As all maintenance is time absorbing and doubly expensive in material wastage
and lost productivity, the aim of NEL is the elimination of maintenance by the develop-
ment of machinery to ensure a maintenance and failure free life of sufficient duration

to adequately cover capital expenditure. Particle tribo-analysis by Ferrography is an

aid to the design of such machineryg' 12. Information obtained by such analysis can
also effect considerable savings by eliminating expensive overdesign incorporating a
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a large undesirable safety factor. Adequately condition monitored maintenance free
machinery allows savings in buying redundancy for safety engineering.
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D. "IMPROVED PRODUCT DURABILITY NAVY PROGRAM"
BY A.J. KOURY, NAVAL AIR SYSTEMS COMMAND

A summation of A.J. Koury's presentation Is presented below:

Mr. A.J. Koury stated that since material costs represent one of the most important
considerations for naval aircraft, components and support equipment, a program is

underway concerned with the expeditious implementation of policy aimed at the following:
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(1) impacting life cycle cost by reducing the cost of aircraft maintenance.

(2) application of new technology to aircraft repair/rework aimed at increasing
service life and improving performance/safety/quality.

(3) conducting the optimum strategy for a more efficient application of materials
and processes generated under the Analytical Rework Program (ARP) in-
cluding methodology for increased utilization of the improved technology
during initial manufacture. '

He noted that the major challenge encompasses not only the tremendous dollar

costs but conservation of vital resources and critical shortages. Accordingly, the Naval
Air Systems Command has initiated a multiple thrust program under ARP for employing

the latest technology to prevent/control wear, corrosion and stress degradation of naval

aircraft structure/components.

One thrust is the exploitation of new approaches to wear reduction. Aircraft include:

P-3, A-3, A-5, A-6, A-7, H-53 and F-4. Components include: seals, splines, cable,
cutting tools, actuators, cylinders and turbine blades. The Wear Control Program for
naval aircraft involves experts from industry, universities, research institutes and
government. Briefings and demonstrations covering improved technology are conducted
to achieve the earliest implementation. Liaison is maintained with Army, Air Force
as well as Navy personnel involved in the repair/rework of aircraft. The interchange
of ideas combined with continuous communicgtions between the aircraft RDT&E com-
munity, users and suppliers is essential for achieving effective results and such an
approach has been followed since the inception of the program. A stronger link to
manufacturing technology is needed and work is underway to establish the interface.

Mr. Koury stated that two approaches to wear problems were possible; either

accept a _certain level of wear and provide sufficient number of parts and manpower to
maintain an acceptable level of aircraft availability or reject wear and apply new main-

tenance technology resulting in improved maintainability, reliability and availability.
The latter course represents the policy astablished by Naval Air Systems Command

(AIR-411B4).
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He described the results of a survey of aircraft wear which indicated the require-
ment for an innovative thrust. Accordingly, this meeting represents a first in the

economic appraisal of wear.

Mr. Koury then gave numercus examples of the impact of wear from the survey:

(1) The rework interval on one aircraft type is limited due to control cables and
therefore imposing additional reworks.

(2) Replacement rates of from 75 to 100 percent on components such as bearings,
control cables, hydraulic cylinders, valves, bushings and splines.

Examples of the total yearly cost of wear on certain components were also given:

(1) Attack aircraft - Autopilot servovalves $ 100,900
(2) Attack Aircraft - Brake wear 2,031, 000
(3) Attack Aircraft - Speed brake actuator 91, 760

Mr. Koury also presented the following results of the survey which determined the t
: wear costs of one aircraft through one tour of duty. This included both scheduled and :

] unscheduled maintenance costs, as well as, an analysis of the rework costs. The results

indicated the following:

L —————

Component Maintenance (unscheduled) $140/flight hour
§« Component Maintenance (scheduled) $ 67/flight hour
; Overhaul:
§ ! Component rework $ 20/flight hour
| Discrepancies 1.70/flight hour '
‘ Tech directives 12, 87/flight hour
il Materials 3. 30/flight hour |
: Total Cost for Wear $245/flight hour f
| Total Cost for Fuel $376/flight hour «
Mr. Koury stated that since the establishment of the program, specific studies H
aimed at the prevention and reduction of wear in aircraft have been initiated. These |
are listed below: ’
Application of wear technology to Naval aircraft

Application of new and improved solid lubricants
Iv-21
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Analysis of miniature bearing maintenance

Naval aircraft control cables

Magnetic separation of contaminants

"State of the Art'' roller bearing analysis

Spline wear

Processing of anti-friction bearings

MK-105 hydrofoil erosion/corrosion

Sea floor traversing vehicle

MK-2 torpedo loading tray

Turbine blade erosion/corrosion

Synthetic fibers

Accumulator piston wear

Silicon nitride

Service life improvements covering helicopter transmission
Seal maintenance problems/recommended solutions
Coatings for cutting tools

Mr. Koury highlighted some of the results obtained to date viz:

(1) ANALYSIS OF MINIATURE BEARING MAINTENANCE

A review of the maintenance procedures for instruments employing
miniature precision bearings at NARF's resulted in a series of
recommendations including:

a. Reducing "burn-in" requirement from 100 hours to 20 hours.
b. Reducing the number of lubricants from more than 200 to 3.

c¢. Provided critical requirements for up-dating MIL-P-197 to include
packaging of precision bearings.

(2) MAGNETIC SEPARATION OF CONTAMINANTS

A study aimed at reducing metal contamination generated in aircraft

fluids was conducted with Sala Magnetics. Such contamination accelerates
wear, equipment failures, and rework cost. A magnetic separation technique
has been demonstrated whereby 90 to 95 percent of metal contaminants were
effectively removed.
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(3) TURBINE BLADE EROSION/CORROSION (APPLICATION OF SPUTTERING)

4)

(5)

(6)

This is becoming an increasingly serious problem due to inspection/rework
decreasing aircraft availability, as well as, the potential safety factor. In
an effort to improve erosion/corrosion resistance of turbine blades, a
cooperative effort between NADC/NAPTC resulted in the application of tung-
sten carbide by sputtering. Resultant blades outperformed a variety of
treated and non-treated blades in highspeed erosion tests.

ACCUMULATOR PISTON WEAR

Moisture laden air contained in the catapult and arresting gear systems
causes severe pitting and corrosion. High wear due to unit loading on the
piston in the accumulator is accelerated by the corrosion. The area of the
cylinder in contact with the piston is severely damaged by this combined
mechanism.

Results of initial tests show the suitability of polymer powder coating to
provide the required corrosion/wear protection.

SPLINE WEAR

The initial effort was to define problem areas and improve maintenance and
reliability of aircraft splines. The following example based on application of
technology to solve the problem is presented for information on achieving
improved durability:

T-63 splines 300% increase in life.
Normal discarded after
150 hrs. due to wear

CONTROL CABLES

Due to volume of maintenance actions indicating control cable failures, a
processing technique was developed whereby cables were impregnated and
encapsulated. Demonstration of this process was conducted at naval air
rework facilities and coated cables installed on aircraft, Results after
more than 2 years show coated cables continue to perform satisfactorily
with no apparent wear or corrosion. K

Mr. Koury stated that the major objective of this program is the application
of new and advanced wear control technology in Naval aircraft, to prevent
catastrophic failures, and to reduce maintenance costs/material and pro-
cessing requirements.
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E. "WEAR CONTROL IN THE BELL SYSTEM"

BY G. KITCHEN, BELL LABORATORIES

The Bell System has only one philosophy, customer service, and all other policies
and rules derive from that. Wear control is no exception. Telephone equipment is

designed to have the following lives.

Central Office equipment refers to stand-by diesel and turbine generators, rotary
motors for dial-tone generation, and all the switching mechanisms used to interconnect
local subscribers and telephones all over the world. All of these motors and electro-
mechanical switches, such as step-by-step and crossbar, are limited in service life
by the wear of bearings and other contacting surfaces. If the design is not sufficiently
rugged to last the predicted life, redundant systems are installed to provide the nec-
essary reliability. Some crossbar switches with thirty-five years of service and new
lubrication systems were recently evaluated for wear. Prolonged lives in excess of the
initial predictions were indicated and they were returned to service. Bearing main-
tenance and lubrication cycles have been extended and wear reduced by new material

applications in motors and generators.

Transmission facilities such as cables are protected from wear during pull-in by
specially formulated cable-pulling compounds, Antenna drive gears and bearings such
as those used in the original Telstar and the new Domestic Satellite systems were
designed to accept both conventional and exotic lubrication systems to provide relatively

maintenance free service.
¢

That part of the system that is most visible, customer's apparatus, is designed for
twenty years. Most people have seen telephones that have been in service at least that
long. Private Branch Exchange (PBX) equipment routinely outlasts its designed life.

Twenty million telephones are removed from service for various reasons each year,
are repaired, and are returned to service. Lubrication, friction, and wear problems
associated with the gear train and bearings of rotary dials account for about 30 per
cent of the dial repairs.
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The Bell System recycles significant quantities of its worn parts. From these parts : ,1

we recover the following.

TABLE IV-2, TELEPHONE EQUIPMENT-SERVICE LIFE

Type Years 1
Central Office 40
Transmission 40
Customer's Apparatus 20

TABLE IV-3. MATERIAL CONSUMPTION

Percent ]
Material* of Annual Consumption
Lead 100
Rhodium 66
Platinum 62
Gold 47
Palladium 32
Copper** 31

*$900 million of equipment is reworked and reused per year. Approximately
50% of our acrylonitrile-butadiene-styrene (ABS) is now recycled. In addition,
pilot plants are now recycling polyvinyl chloride (PVC), and evontually we
will recycle about 20 percent of our PVC and about 5 percent of our polyo-
lefins.

**Recycled copper amounts to 81, 000 tons.

F. "MAURER FACTOR -- THE NAVY'S ANSWER TO PRODUCTION ENGINE COST

ESTIMATION"
BY THOMAS BRENNAN, NAVAL AIR DEVELOPMENT CENTER

1. Introduction

Throughout the years of jet engine procurements, major emphasis has been directed

towards the increase of performance of the propulsion system to satisfy the needs for i
highly sophisticated and effective weapons systems. In search of this increase in pro- 1
pulsion technology, the increase in the state-of-the-art (SOA) to achieve the desired .
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performance tends to follow the path of most likely consequence, namely Path A in
Figure IV-1. Accompanying these strides in SOA and aircraft performance are signi-
ficant and, in some instances, unacceptable increases in the life cycle cost associated
with this system. Confining our discussion in this paper to the propulsion technology

and its relative progression paths throughout the past twenty-five years, the trend of
Path A has been evidenced quite clearly. The complexity of engines has risen manyfold
to pace the nation's military and commel-'cial aircraft market. For such engine manu-
facturers as General Electric (GE) and Pratt and Whitney Aircraft (PWA), the past
twenty-five years have seen military engines grow from 10,000 pounds of thrust for
typical post-Korean War fighter aircraft to the high - 20, 000 pound thrust class for the
F-14B, YF~-12 and B-1. Likewise, the commercial transport engines in the same period
have increased from 11, 000 pounds thrust for the early Boeing 707 aircraft to the 50, 000
pound thrust class used today in the 747, DC-10 and C-5A military transport. Accompany-
ing these large increases in propulsion power have been disproportionately smaller in-

creases in weight and volume, giving ample testimony to the SOA progression in specific
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weights and volumes. The advent of the ""million dollar plus'" engine, however, indicates

that we have paid significantly for our technology.

With the continuing emphasis being concentrated on life cycle costing by the Navy,
the potential routes by which we can translate from Path A to Path B are being identified.
Production acquisition cost, one element of the complex life cycle costing structure for
jet engines, albeit and expensive element, will be discussed in this paper as to the
primary cost controllers for producing engines in a production environment and the

methods/improvements necessary for lower engine costs.

2. Background and Approach

To properly assess the relationship of cost and engine performance, the Naval Air
Systems Command has been sponsoring extensive studies in the basic research of engine
costing with the Naval Air Development Center since 1968. To date, results of these
studies have provided considerable insight as to the "why and how' of engine costs. These
results, however, have been based on a lengthy, developmental approach. During the mid
to late 1960's, as higher technology gains began to appear in production engines, it was
discovered that the current Navy costing techniques, as well as the costing techniques
available from the other services and industry, were inadequate to estimate in advance

the impact of this technology on the unit acquisition cost.
3. Rationale

In an effort to uncover the significant areas of propulsion which govern the cost of
production aircraft engines, a survey of existing methodologies and cost estimating
relationships were investigated and it was concluded that, while no technique could
predict advanced technology engine costs accurately using engine parameters as the cost
functions, several techniques did allude to the importance and significance of the type
of materials being utilized in engines as a probable potential driver. A basic rationale
was developed that proposed the cost of an engine, in great part if not entirely, is
governed by the type of material as well as the actual weight of the material employed
in the manufacture of an engine. This rationale assumes that most of the physical and

thermodynamic technology areas associated with engines - compressor stage loading,
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\ maximum turbine temperatures, specific weights, ete. - are closely interrelated with
the metallurgical technologies. This assumption i{s probably more true of the aircraft
engine industry than any other acrospace industry because of the severe stress and

temperature environment experienced by a jet engine.

4. Maurer Factor

Traditionally, the gas turbine industry has pioneered the high stress/temperature
technologies for their specific application. Figure IV-2 shows the change in complexion
of engine materials during the past few decades. During the post-Warld War I and ]

Korean Conflict years, engines were produced from large qualities of carbon and low-

G A Ao o 5 A RSN Sy i S, s

alloy stainless steels as well as magnesium and aluminum; in short, the "exotic"

nature of the materials used was low. This trend continued until the mid-1950's when
the demand for high-Mach speeds and corrvesponding higher thrusts, efficiencies and
temperatures required considerable technology breakthrough to the usage of cobalt-
nickel-base alloys as well as titanium materials for weight reduction and strength in-

§ creases, Inherent in the application of these materials which evolved from this quest
for technology is the increase in costs of raw materials and the increase in the difficulty

of machining this material.

Initial efforts in defining a material parameter to describe engine costs was done
by R.J. Maurer of Naval Air Systems Command in 1966 and 1967. A selective method
whereby the raw materials inputted for the manufacture of the engine components was
subsequently developed through significant contributions by PWA by classifying the \
materials into specific categories based on the relative material cost and relative
machining cost. Figure IV-3 shows the major classifications of materials representa-
tive of all engine components that have evolved through the years, As noted, the con-
ventional materials are the carbon steels, some low-alloy stainless steels, aluminum
and magnesium, All titanium alloys were classified under a single category and the .
more exotic alloys (higher-alloy stainless and various nickel and cobalt base alloys) :
were categorized into ascending alphabetical groups. The relative material and y
machining costs were determined by an average of the varfous forms and processes

involved with the various materials. The product : f these relative costs then provided a
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relative weighting factor for each of th: various classifications as noted in Figure IV-3.
To define a parameter that was meaningful for the entire engine, the Maurer Factor was
propounded which was simply the summation of the product of the relative weighting
factor and the raw material input weight for each classification as shown in Figure IV-4,
Note that the weight of a gi\}en material is that weight defined in an abbreviated bill of
materials and is representative of the input weight prior to manufacturing process
application.

Detailed studies were conducted by NADC to determine the primary relationship, if
one truly existed, between the proposed '"exotic material factor' - later renamed the
Maurer Factor as a posthumous tribute to its Navy proponent - and the cost required to
manufacture an engine. The manufacturing cost - namely material, labor and shop
overhead costs - averaged over the first 1500 production units was determined to be the
significant cost factor controlled by the material usage. Figure IV-5 shows this correla-
tion and the range of engines over which the data is applicable - virtually two decades

n
MAURER FACTOR= Y wW;
i=1
= (wqWq + woWo +. .. ... woW,)

WHERE w; IS THE WEIGHT OF THE iTH PART &
W; IS THE CORRESPONDING WEIGHTING FACTOR

Figure IV-4, Maurer Factor Derivation
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Figure [V-6. Maurer Factor Correlation with Cost

of experience. It should be noted at this point that the correlation shown in Figure IV-5
includes commercial engines as well as military engines and the applicability of the
correlation extends to turbofans and turbojets - afterburning and non-afterburning -

in addition to turboprop and turboshaft engines. Note also that the statistics representa-
tive of the correlation indicate high significance.

Figure IV-5 provided an excellent predictor for engine costs particularly within the
high ranges of Maurer Factor, namely that region of the chart toward which advancing
technology has tended to drive. Some instances, however, required cost estimation for
small, expendable-type engines such as the candidates for the Navy's Harpoon engine,
Supersonic Expendable Turbine Engine and the NASA Low Cost Engine. To provide a
more detailed resolution of the low-cost end of the curve, all small engines available
were compared and the correlation shown in Figure IV-6 was determined for Maurer
Factor ranges below 12,000. This correlation and its low intercept value provided a
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Figure IV-6. Maurer Factor Correlation with Cost for Small Engines

solid foundation to the original assumptions. Figure IV-7 shows the resulting pricing
rationale used currently by the Navy for advanced technology engine cost prediction.
Much emphasis has been concentrated on the establishment of meaningful escalation
rates for labor and material as well as the development of learning theory techniques
and applications to the various manufacturers; due to the limited discussion time as-
sociated with this paper, these emphasis areas will not be addressed in detail now.
The selling price to the government is thus determined by the judicious and rational
build-up of material amount and type used to produce the engine.

5. Pa trics

As mentioned previously, no suitable technique could be found which linked engine
cost with engine performance parameters. The Maurer Factor, however, showed a
relationship exists between materials and cost. Thus, as long as an abbreviated bill

of materials was available for an advanced technology engine, an accurate estimate of
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MAURER FACTOR = (wyWq + waWa + . .. .. Wp) |

ECONOMICS
LEARNING
O/H EVALUATION
PROFIT PROJECTION

SELLING ——
PRICE —

MANUFACTURING COSTS X 103

p = 0.965
o = $31,000

MAURER FACTOR X 103

Figure IV-7. Production Engine Costing

its production cost could be made. The availability of design features, not to mention

v

detailed design adequate enough to identify bill of material weights were not always
available, however. In fact, many engine proposals tended to be categorized in this
latter group, thus highlighting the need for indicators showing what performance param-
eters are driving the materials. Several techniques were employed for these analyses:
regression and historical simulation., There is general familiarization with regression
but basically it says that the function which fits all of the data best will be the best
predictor. Historical simulation, on the other hand, chronologically samples the data
and tests the relationship against the remaining data and says that the independent func-
tion that predicts best the data outside its sample is the best predictor. Figures IV-8 and

IV-9 provide examples of these two techniques as applied to all turbofan engines. In
Figure IV-8, the relative simplicity of the function is of particular interest. As can be

seen, the pure linear function involving airflow, turbine inlet temperature and whether

or not the engine has an afterburner can be utilized to predict the Maurer Factor (and
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hence cost) of all the engines within the data range by less than ten percent. Note also

the high coefficient of correlation of the predictor. Figure IV-9 shows historical simula-

tion results for the same data. All data points except the last two chronologically (TF34

and F401) were used in a regression routine and the resulting expression used to predict

the TF34 and F401 engine costs. The levels of error indicated in the figure show that

this correlation if available in earlier years could have predicted the TF34 and F401

within very acceptable levels of tolerance. Each method is used within current Navy

analytical studies. 21

A continuing study of parametric influences on the material content was continued
for all engine types and applications. Figure IV-10 shows results of a correlation of 15
turbojet and turbofan engines chosen to provide a representative sample of this mixed
cycle population. As noted, the correlating function (whick .acompasses total airflow,
BPR, TIT, A/B) provides an excellent predictor. This predictor was utilized specifically
to formulate independent cost estimates during bid responses evaluation on the NACF
(F-18) aircraft. These cost estimates showed very close agreement with submitted con- “j
tractor bids.

6. Applications

Figure IV-11 restates the original objective and compares ouly a small number of .

the actual accomplishments associated with the Maurer Factor rationale. The funda- i
mental simplicity of the technique permits scaling of engine costs during a preliminary

design phase or can provide the precision necessary to accurately estimate the cost of

an uprating of an existing operational engine. The latest range of application of the model
has been focused on both the F-18 engine selection (as discussed ﬁreviously) and the .
NASA/Navy Lift Fan Program. Not only was the Maurer Factor methodology capable of :
estimating costs for engines, remote fans and associated ducting and shafting with close o8
compatability to contractor efforts, but the potential cost impact of redesign of the fans 1
was investigated, relayed to the manufacturers with significant changes and cost savings
in the engine/fan resulting. As shown by Figure IV-11, design-to-cost and the Maurer

Factor are synonomous in engine costing. b
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7. Future Design Influences

As a final summation on the merits of a material approach to engine costing, its
impact on future designs and manufacturing is discussed. There are two apparent means
by which lower engine costs are possible. The first involves the research and eventual
production usage of other advanced materials capable of surviving in the high stress and
temperature environment, yet providing lower material and machining costs. The obstacle
to this route, however, has been shown by history to be opposing in nature and thus is
considered a highly unexpected breakthrough area. The other route, however, is more
visible. Shown in Figure IV-12 is the material utilization of seven randomly selected
engines. For the engine overall, more than five pounds of raw material is required to
produce a pound of finished product. Similar material utilization for the various material
categories are also shown with the low utilization rates of the more exotic materials of
special significance. The message ringing clear from these factors is that the paths to
cost reduction in engines is evident - reduce the scrap rate and the price of engines will
reduce accordingly. Maurer Factor has shown us that material is \money and, considering
the enormous amount of funds expended in production engines each year, the potential
for cost savings as well as material conservation may provide a step-jump to Path B of
Figure IV-1, Technology increases in the methods for forming and processing materials
will significantly increase the utilization rate, and a recommended goal for the next ten
years is reduction of the current scrap rate by 50 percent. It is considered incumbent
upon both government and industry together to seek solutions to this goal because the
expected return-on-investment to both of us is well worth the effort.

G. "NATIONAL SCIENCE FOUNDATION ACTIVITIES IN TRIBOLOGY"

BY MICHAEL P. GAUS, HEAD, ENGINEERING MECHANICS SECTION, NATIONAL

SCIENCE FOUNDATION

The National Science Foundation was established by an Act of Congress in 1950 with
several subsequent amendments which authorized the Foundation to initiate and support
basic scientific research and programs to strengthen scientific research potential in
the mathematical, physical, medical, biological, engineering, social and other sciences
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to award scholarships and graduate fellowships, to foster interchange of scientific
information between the United States and foreign countries, to foster the development
and use of computer and other scientific methods and technologies and to evaluate the
status and needs of the various sciences as evidenced by programs, projects and studies
undertaken by agencies of the Federal Government, by individuals and by public and
private research groups. The act as amended allows the Foundation to support applied
research at academic and nonprofit institutions and under certain special circumstances
to support applied scientific research relevant to national problems involving the public
interest through other appropriate organizations. The Foundation is itself specifically
prohibited from operating any laboratories or pilot plants.

This background information is given to help place Foundation research activities
in perspective as compared to other Government agencies. In carrying out its functions,

the Foundation is organized into a series of directorates which report, through their

Assistant Directors, to the Deputy Director and Director of the Foundation. This organiza-

tional structure is shown in Figure IV-13 along with the estimated budgets for FY 1976.
Tribology research receives support from several different organizational units of the
Foundation and will be specifically discussed later. The general thrust of Foundation
activities are to generate a new or improved knowledge base, which may be subsequently
utilized by groups having an operational responsibility, with heavy emphasis on the
support of longer-range type of research. Because many other agencies also conduct
significant research programs, Foundation support often acts as a balance wheel for
some research areas. There is heavy emphasis in Foundation programs on support of

academic research programs.

Among the various directorates of NSF, tribology related research receives some
support primarily from the Directorate of Mathematical and Physical Sciences and
Engineering and to a lesser degree from the Research Applications Directorate. Some
of these activities will be discussed to illustrate NSF supported research related to
tribology.
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1. Resea cations Directorate

The Division of Exploratory Research Problem Assessment supported two studies
conducted by Professor Herbert Hollomon of MIT on the subject of increasing productivity
for servicing consumer durables. A part of this study was aimed at assessing the dura-
bility of present consumer durables. Funding for wear related research is about $31, 000

per year.

2. Mathematical and Physical Sciences and Engineering Directorate

Tribology related research is supported through two Divisions: the Engineering
Division and the Division of Materials Research. The organization of these divisions is

shown in Figure IV-14,

a. Division of Materials Research

The tribology related support in this division is for studies in ultrahard materials
and to gain a better knowledge of fretting and impact and wear behavior of metal sur-
faces as related to microstructure of the material. Typical examples of research sup-
ported are a project by Professor J, Larsen-Basse of thg University of Hawaii on
Abrasion of Metals. Professor M. C. Shaw of Carnegie-Mellon University is studying
the Performance of Abrasives in Fine Grinding which relates to the type of surface finish
which can be obtained in manufacturing processes. Professor D. Basu of Lehigh Univer-
sity is studying Mechanisms of Wear and Performance of Multicomponent Ceramic Oxide
Cutting-Tool Materials which have great potential for increasing productivity in cutting
operations. Professors N.H. Cook and N. P. Suh of MIT are studying the Enhancement
of Cemented Carbide Tool Properties also with the objective of reducing wear rate of
tools and improving productivity and product quality. Professor E. Rudy of the Oregon
Graduate Center is studying Hard and Wear-Resistant Materials. Professor M. Barash
of Purdue University is studying Thermoelectric Wear of Tools. Dr, M. Hoch of the
Unfversity of Cincinnat{ {s studying the Failure Mechanisms in Superhard Materials Used
to Cut Superalloys including considerations of the wear mechanisms. A summary of

research related to hard materials i{s contained in a workshop report entitled "NSF
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Figure IV-14, Divisions in NSF that Support Tribology Related Research

Hard Materials Research - Volume Four, 1975'" prepared by the University of Cincinnati,

Support for wear-related research in materials is at an annual rate of about $200, 000

per year,

b. Division of Engineering

The Engineering Division has provided sporadic support for tribology related re-
search at universities since its establishment, in response to unsolicited proposals sub-
mitted to the division. This type of activity primarily falls within the scope of the En-
gineering Mechanics Section, one of three sections, in the Division. Due to what appeared
to be an increased interest on the part of the university-community in the general areas
of mechanical behavior, mechanical processing, noise and acoustics, energy conserva-
tion, nondestructive testing and other related activities, a Mechanical and Industrial
Technology Program was established in the Engineering Mechanics Section about three

years ago to provide an identifiable point of contact for researchers in these fields.
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In order to assess research opportunities in various areas and to draw attention
to areas where insufficient research activity seems to be taking place, the NSF Engineer-
ing Division has for a number of years supported university~industry workshops to
examine specific technical areas. These workshops typically involve 30 to 40 people
representing universities, industry and government. A typical workshop will last two
_ days and usually devotes its initial effort to defining the "state~of~the-art' through
presentations prepared by specific persons prior to the workshop. After the present
status of the field has been evaluated, time is spent on discussing and attempting to
define future trends and opportunities and possibly relative priorities for research. The
output of the workshop is generally a workshop report on proceedings which is mailed to
all engineering schools in the United States and placed into NTIS to make it available
to interested persons.

In calendar year 1974 a number of persons indicated to the Mechanical and Industrial
Technology Program that the field of Tribology was one of great importance due to its
relation to energy conservation and to product durability and performance. In order to
better assess research opportunities in this field, support was provided for a Tribology
Workshop. This workshop was organized by Professor H.S. Cheng of Northwestern
University, Professor Frederick F. Ling of Rensselaer Polytechnic Institute and
Professor Ward O, Winer of Georgia Institute of Technology. Professor Cheng handled
workshop planning, Professor Ling served as editor for the proceedings and Professor
Winer served as director of the workshop sessions. The workshop was held in April
1974 at Georgia Institute of Technology and resulted in a 677 page Proceedings. (Un-
usually large for such a workshop.) This Proceedings is available from NTIS - Accession
number PB 241 253/AS. The report cover and table of contents are shown in Figures
IV-15 and IV-16.

Following this workshop a research request was submitted by Professors Cheng, Ling
and Winer to conduct a coordinated research program on Mechanical Equipment Reliability
Through Tribology. After the usual peer review evaluation of the proposal, support was
provided for the research effort. The research effort is divided into 3 phases: elasto-
hydrodynamic lubrication, rheology of lubricants and lubricated surfaces, and wear
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Proceedings of
THE TRIBOLOGY WORKSHOP

Sponsored by
The Industrial Technology Program
Mechanics Section
Engineering Division
National Science Foundation

April 1974

Workshop Committee:

Herbert S. Cheng, Northwestern University
(Chairman of Workshop Planning)

Frederick F. Ling, Rensselaer Polytechnic Institute
(Editor of Proceedings)

Ward O. Winer, Georgia Institute of Technology
(Director of Workshop Sessions)

Figure IV-15. Proceedings of The Tribology Workshop
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