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THE NATIONAL ACADEMY OF SCIENCES is a private, honorary organisation of
morc than 700 scientists and engineers elected on the bazis of outstanding contributions
to knowledge. Established by a Congressional Act of Incorporation signed by Abraham
Lincoln on March 3, 1863, und -upported by private and public funds, the Academy
works to further science and its use for the general welfare by bringing together the
most qualified individusls to deal with scientific and technological problems of broad
significance.

Under the terms of its Congressional charter, the Academy is also called upon to
act a5 official-—yet independent—adviser to the Federal Government in any matter of
science and technolcgy. This provision accounts for the close ties that have always
existed between the Academy and the Government, alhough the Academy is not a
governmental agency and its activities are not limited to those on behalf of the
Government.

THE NATIONAL ACADEMY OF ENGINEERING was established on December 5,
1964, On that date the Council of the National Academy of Sciences, under the authority
of its Act of Incorporation, adopted Articles of Organization bringing the National
Academy of Engineering into be 1g, independent and autonumous in its organization
and the ¢lection of its members, and closely coordinated with the National Academy of
Sciences in its advisory activities. The two Academies. join in the furtherance of science
and engineerng and share the responsbility of advising the Federal Government, upon
request, on any subject of science or technology.

THE NATIONAL RESEARCH COUNCIL was organized as an agency of the National
Academy of Sciences in 1916, at the request of President Wilson, tc enable the broad
community of U. S, scientists and egnineers {v associate their efforts with the limited
membership of the Academy in service to science and the nation. Its members, who
receive their appointments from the President of the National Academy of Sciences,
are drawn from academic, industrial and government organizations throughout the
coontry. The National Researck Council serves both Academies in the discharge of
their responsibilities.

Supported by private and public contributions, grants, snd contracts, and voluntary
contributions of time and effort bty several thousand of the nation’s leading scientists
and engineers, the Academies and their Research Council thus work to serve the national
intereat, to foster the sound develcpment of science and engineering, and to promote
their effective application for the benefit of society.

THE DIVISION OF ENGINEERING is one of the eight major Divisions inte which
the National Research Council is organized for the conduct of its work. Its membership
includes representatives of the nation’s leading technical societies as well as a number
of members-at-large, Its Chairman is appointed by the Council of the Academy of
Sciences upon nomination by the Council of the Academy of Engineering.

THE MATERIALS ADVISORY BOARD is a unit of the Division of Engineering of
the National Academy of Sciences-National Research Council. It was organized in 1951
under the name of the Metallury'cal Advisory Board to provide to the Academy
advisory services and studies in the broad field of metallurgical science and tachnology.
Since organisation date, the scope has been expanded to include organic and
ino ic nonmetallic materials, and the name has been changed to the Materials
Adv sory Board. ;

Under a contract between the Office of the Secretary of Defense and the National
Academy of Sciences, the Board’s present assignment is

“ .. to conduct studies, surveys, make critical analyses, and prepare and
furnish to the Director of Defense Research and Engineering advisory and
technical reports, with respect to the entire fleld of materials research, including
the planning plases thereof.”

3-66



Report of the

AD HOC COMMITTEE ON PRINCIPLES OF
RESEARCH-ENGINEERING INTERACTION

Prepared By The
MATERIALS ADVISORY BOARD

] AL e wAl
Division of Engineering ’

National Resezarch Council /

as » service of
The National Academy of Sciences
to the
Office of Defense Research and Engineering
Department of Defense

RELEASABLE TO

Clearinghouse for Federal Scientific
and Techaical Information (CFSTI)

Publication MAB-222-M
National Acadomy of Sciences-National Research Council
Washington, D, C,
July 1966




TN TEvier

ii

The Academy and its Research Council perform
study, evaluation, or advisory functions through groups
composed of individuals selected from academic, govern-
mental, and industrial sources for their compeétence or
interest in the subject under consideration. The members
serve as individuals contributing their personal knowledge
and judgments and not as representatives of any organi-
zation in which they are employed or with which they may
be associated.

This report completes a study undertaken by
the Materials Advisory Board for the National Academy
of Sciences in execution of work undmu‘ ARPA Contract
No. SD-118 between the Department of Defense and the

- National Academy of Sciences.

No portion of this report may be published
without prior approval of the contracting agency.
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FOREWORD

This is not a technical report in the usual sense, Itis instead a study
of the even‘ts‘w‘hich lead up to and surround technical accomplishment, In
this respect it represents a first effort of this type by the Materials
Advisory Board., As in most first efforts the reader will discover many
weakrnesses, However, also, as in the case of some first efforts, there
may be the germ of some new realization., It was in this hope that the

effort was first conceivéd and subsequently pursued,

The report consists of two principal parts, Partl is a summary of
the background, chronology, findings, and recommendation of our study.
These are based ox the content of Part II which consists of the case histo-
ries prepared by the Committee members, In the authors' minds, however,
the case histories themselves may well be the most v aluable coatribution

i of the Committee's efforts,

Tﬁe cagse histories record a number of selected events in the dévelop-
ment of materials, Each: history has becen written as an individual effort of
a member of the Committee., Th: subject of the history was also selected
by the individual author, Frequently ‘he events described irvolve the
author in some periph:ral way. Thue, the histories are sometimes highly
personalized. For that reason, in spite of the efforts to be objective and
complete, the histories undoubtedly contain weaknesses that reflect the

position and imperfections of the authors,

Similarly, the findi]ngn in Part I of the report must be suspect to the
same degree. Nevertheless, ‘he Committee supports the findings and
recorrimends their consideration, The single fact that certain elements
stand out in spite of the wide variety of histories which we have explored
encourages us tn believe that the hiatorical approach has value, Although
we must deny that we have determined sufficient conditions for assuring
optimum research-engineering interactions, we believe that the cases do

suggest necessary conditions that must be considered.
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ABSTRACT

The evolutisa of Yea sepivate msterial developmicals wese inventigate:
and case histories are presente‘.

A techaique of analysis was developed and applied tG the vads hisierie
to identify common elements ad patteras which might be used as gwides b
the Depart¥ment of Defense to stimulate research-engineering interactions
in th.e solution of materdals problems. The analysis identified seweral
elemsnts which were prosninemt in mamy of the cases. Amomg these are:

N

2,

3.

4.

Flexibility for the imdividual investigators to make

major changes in dirvection and gozls was frequoatly
requived.

Close and frequeit communications between ergani-
sationally independeat groups were often essential,

Key individuals playc¥ saseatial roles ia bridging the
geographical, orgenisséioasl, and functional barriers

hetween groups,

The recogaition of an important need was most
frequently the principal factor in stimulating research-
engineering interactions, '

Often techaical approaches were available and lay
dormant for some tirne before their pertinence to

a specific need was recognised,

It is recommended that these findings 5mé“'cj.:‘ontidered in future materiale

research and en.inceringgfforts of the Department of Defense. 1n addition,

the value of the case history approach as an educationel tool is emphasized

and suggested for further consideration. A series of questions is develope

to aid further self study by research und development organigzations, Final.

ly, the need for more effective tools of case history analysis is identified.
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Background, Chronology, Findings,
and Recommendations
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BACKGROUND

Tatroduction

Man's progress, social as well as technological, is highlighted by
certain signal occurrences that mark milestones and occasionally turning
\i‘points in his development. Generally, these are not spoutaneous but mark
the culmination of forces and directions whose roots can be traced back;_to
periods lorig before the actual occurrence., Nevertheless, in historical
retrospect, the occurrences themselves appear as pinnacles and valleys
which rise and fall abruptly from the more gradually ascending slope of

man's advance,

This report is a study of a number of selected accomplishments in the
recent history of materials science and technology. At the request of the
Department of Defense we have tried to trace the historical forces and di-
rections that surrounded the events leading to these accomplishments, Our
objective was to define the circumstances which ancourage the application of
scientific knowledge to materials development and utilization, This is an
excecdingly ambitious objective, A principal motivation for most historical
studies is to define the causes of past events to permit a more rational
control of future events, Our success in thie social and political sphere

should temper our expectations of the present study,

In his letter of Janusry 5, 1965, the Assistant Director (Materials) of
Defense Research and Engineering asked the Materials Advisory Board to
undertake a study of research-engineering interactions that would be
addressed to three tasks, These were:

1. Study of represerntative examples of research-engineering
interaction, both in industry and the Department of Defense

with a view to extracting common dencn-inators, or clues,
resulting in success or failure,
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2. Selection from among those principles or techniques that
have usually led to success, those most appropriate for
adoption by the Department of Defense.

3. Recommendations to the Department of Defense regarding
appropriate action leading to the enhancement of the transfer
of research to hardware.,

)

In responding to this request, the Committee on Research-Engineering
Interaction agreed to study and document the history of several develop-
ments where new material possibilities depended upon the interaction of

fundamental knowledge with the recognition of a practical need,

The Committee also commented upon some expected limitations of this
study., First, as the Committee was comprised principally of scientists
and engineers, it was expected that the histories might well be incomplete
in detail and somewhat lacking in thorough documentation. However, we
did begin with the sanguine hope that our studies would at least provide a
basis fé)r evaluation of this approach to the clarification of the problems of

research-engineering interactiouns,

Second, it was not clear at the beginning whether our studies would
indeed lead to a coherent pattern th-t would permit the analysis required
by parts two and thre.e of the orig. ‘1 charge., Indeed we have discovered
that our cases are very heterogen us. This heterogeneity undoubtedly
results from many factors including the method of selection of subject and

the approaches of the Committee members as "amateur historians, "

However, we also suspect that this heterogeneity may be character-
istic of the process which we are studying--that research-engineering
interactions are in the final analysis human-human interactions and will

therefore show the inherent heterogeneity of human personality,

Nevertheless, we have made an attempt to develop, if not a pattern, at
least a form which circumscribes the most critical cvents in our cases.

This form and its possible pertinence to the research and development
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efforts of the Department of Defense are presented in the "General Findings'
part of this section, However, in order to undeistand the basis upon which
this form rests, we believe it essential that the reader appreciate the
method in which the study was organized and puuueci. This is described

below,

Organization of the Study

The study was organized on the following ‘assumptions:

1. The cases should sample broadly the various areas of materials
activity including metals, organic materials, inorganic nonmetaliics,
structural materials, electronic materials, etc. They should also cover
work originally stimulated by both commercial and defense needs and per-
formed in a wide variety of institutions. In this way we might hope to

avoid any monolithic bias.

2. It was decided that the case writers should be technical specialists,
Thus, the form, structure, and rigor of the cases are quite different from
what théy would be if the writers had been professional historians or pro-
fessional case writers., It was felt that the technical approach was much
more natural as a first effort by the Materials Advisory Board, Further-
more, many of the items selected iavolved proprietary areas which we
suspected could be best probed by an "insider." This generally restricted
the choice to a technical specialist, Finally, the time and funds that would
be required for a truly professional historical case viewpoint did not seem |
justified for this first effort, |

3. There was no attempt to set a rigid framework for style and
attac:, A first meeting of the panel addressed itself to that subject. It
was concluded that the only feasible approach was to leave the style and
method of approach to each individual author, having once agreed upon our

general objectives,
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4, A more rigid framework was adopted for the analysis of the cases.
This is discussed later. Even here it was necessary to relax this rigor
somewhat as the analysis proceeded because of semantic difficulties, How-
ever, the framework that remained was worthwhile in that it 'directved

further refinements of the case histories.

The final results reflect these assumptions, Tae cases are heterogene-
ous in style, in depth of detail, in form, and even somewhat in semantic
criteria, They are uniform principally in method of approach. They began
with a known materials achievement that the author believed was the result
of a research-engineering interaction. Then, by personal interview of the
principals involved, each author attempted to document the events which
occurred in order to define the circumstances and the environment in which
the critical interactions took place. The final result in some cases is a
relatively impersonal recounting of events and apparent motivations, In
other cases, a much more personalized and individualistic description of
events, frustrations, and accomplishments is presented., In every case
we have attempted to be as accurate as possible in documentation of the
people involved and the location of the events so that if further study is de-
sired this report can serve as a starting point. However, the future scholar
must be warned that, although the data that are presented are accurate to
the best of the ability of the authors,they are by no means exhaustive, There
are undoubtedly many siganificant events and individuals involved that were
omitted by accident or by the necessary limitations of the study.

CHRONOLOGY

Chronology of the Study

The membership of the Committee was assembled in the following way.
The Chairman in consultation with the Materials Advisory Board concluded
that the Committee would try to investigate five segments of the broad field

of materials, These were:

PR T W . W
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1. Metallic materials (structural and mechanical propertics)
2, Organic materials (structural and mechanical properties)

3. Inorganic nonmetallic materials (structural and mechanical
properties)

4, Electronic materials

5. Nuclear materials (It was necessary to delete this subject area
before the study was well under way.)

The Chairman then selected a Committee member for each area and re-
quested that each of them select one colleague to work with him in the
assigned subject area, In addition, liaison members from the Department
of Defense were asked to distribute themselves voluntarily among the
subject areas. Then each of the Committee members (including the liaison
membere) was asked to define and choose a subject for a case history in his
respective area which he believed would be suitable as a basis for studying
research-engineering interactions. It would then be the responsibility for
this individual member to investigate and develop a complete case history
of the subject which he had selected.

In addition to the techaical '"historians, "' the Committee was fortunate
in obtaining the participation of two experts in the case history approach,
Professors Charles D, Orth, 3rd, and James R, Bright of the Harvard
Graduate School of Business Admiaistration provlded invaluable guidence to
us with regard to our individual approaches and problems. However, in the
final analysis, the individual authors of the enclosed case histories take full
responsibility for the limitations of their work, which arose in spite of the

best efforts of our consultants,

The first meeting of the Committee was held on March 19, 1965, The
entire day was devoted to a discussion of our broad objectivee. a broad out-

line of the general method of approach; and a group discussion and comment

caae e T TR I 8 T——— i il



on the specific subjects which individual members of the Committee

suggested for study.

Following this meeting the case work began on an individual basis.
However, a second meeting was held on May 13, 1965, At this time, some
of the Committee members presented a trial run of the cases in their initial
crude form. This discussion of actual cases helped the Committee anti-
cipate problems that would be encountered., Following this, first drafts of
all the cases were prepared and circulated to all Committee members just
prior to the major working meeting of the Committee which was held
July 19-22, 1965, This meeting was one of the most important events of the
study. During the meeting the first draft of each case was discussed in
depth and an attempt was made to develop a general format which could
serve as a basis to analyze each case defining its critical aspects and de-
veloping a pattern which would characterize the bulk of the critical inter-

actions,

We soon discovered that each case was much more complex than the
author had originally thought, In several instances it was necessary to
divide a case into several sub-cases, each wi.th its dﬁtinct chronology of
events, Furthermore, it became clear that each sub-case involved a
aumber of ''critical events" and that as the case proceeded from original
conception through to final accomplishment a whole series of important
research-eagineering interactions could be identified, The principal result.
of these discussions was the generatioa of a format into which the bulk of the
cases could be fitted, This provided both a method for final analysir. and
comparison of the cases, as well as a means for identifying where essential
information was missing from each case in order to aid the author to
continue and complete his study,

The remainder of 1965 was spent by the individual authors in the com-

pletion of their cu.e histories and their analyses. In the course of doing

> - e e e e
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this, further weaknesses of the pattern which had been developed during the
summer meeting were discovered and discussed by correspondence, The
final working meeting of the Committee was held on April 26-27, 1966. By
this time each of the Committee members had had an opportunity to read
the final case drafts and the individual case analyses., During this final
working meeting the analyses were summmarized in terms of general findings
and these findings were examined with regard to their significance to the

Lepartment of Defense,

Form of the Case Analysis

As indicated above, it was discovered that several of the cases which
were originally s.elected on inspection turned out to consist of several sub-
cases, It rapidly became clear that a single research-engineering inter-
action (REI) might soon lead to the development of a number of somewhat
diverging explorations, each of which exploited a particular result of the
originaii interaction, Thus, in most cases, the starting poiat of our study
corresponds to the sprouting of a family tree of material developments and
the sub-cases represent branches of important results from the original
primary trunk,

As each of these briuclpd branches or sub-cases was documented, it
was discovered that the events occurred at various stages of the research
and development process, Thess stages were defined as follows:

"0, Scientific findings.
1. Recogaitioa of aew material (or process) possibility,
2. Creation of new useful material (or process) form,

3, Demonstraticn of the feasibility of using the material {or
process) in a specific equipment (or product).

4. Demonstration of a possibility of using the equipment (or
prod_nct) in a system (or second product),

S, Production of the systemn (or product).
6., Operation (or use) of the system (or product),

'I
v
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The chronology of a sub-case through these stages is often tortuous.
For example, it was discovered that in order to proceed from stage three
to stage four it might be necessary to retreat all the way b'ack to stage zero
and proceed along another path, On the other hand, in some instances havin
arduously reached a particular stage of developruent the succeeding few

stages might follow almost automatically.

Finally, in the progression through these stages many important events
occurred which did not involve research-engineering interactions in the
author's definition., They might, for example, simply require the appli-
cation of a well-developed engineer’~g technique to a particular material
without the necessity for any significant alteration in the technique, In the
analysis of each case the author has attempted to identify only those events
which qualify in his own individual definition of a research-engineering

interaction.

We emphasize the phrase ''individual definition of a research-engineerir
interaction.'" Definitions of the words "research! and ""engineering' have
served as the subject of many treatises, In general, we have attempted to
use the National Scisnce Foundation's official definition of basic research,
namely:

"Basic research is directed toward increase of
knowledge in science. It is research in which
the primary aim of the investigator is a fuller
knowledge and understanding of the subject under
" study rather than & practical application thereof ."
As a definition of the word ''engineering' we have considered the National
Science Foundation's dofinitions for a.pblied research and development,

""Applied research is research which is directed
toward practical applicatioa of science,

"Deveiopment builds on the findings of basic and
applied research and leads to specific achieve-
ments in diverse areas such as industrial
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production, medical care, military defense and

public safety,"
We have interpreted these definitions to include the kind of engineering work
that is often involved in the initiil stages of operation of a fiﬁal ays.tem or
general distribution and use of a finished product. However, even within
the scope of these definitions there is still considerable rocom for individual
judgment, Although we have discus;ed these individual judgments in our
collective meetings, the final operational definitions of 'research' and of
“"engineering' reflect the judgment of the individual authors, Similarly, the
definition of a '"research-engineering interaction' often provides a compound

problem in semantics and here again in final analysis the definitions are the
responsibilities of the individual authors,

The final step of the analysis was to try to define the factors which
characterized each of the rcsearch-engineering interactions, A list of some
of the factors which were considered is contained in Appendix II. This list
is reproduced not because it represents ;uy consensus of the Com:mittee on
significant factors but rather to illustrate the range of factors that was dis-

cussed aud considered,

It was here that our semaantic problems became most apparent, It was
cur original hope that we could arrive at a set of p-incipal factors and then
determine at least semi-quantitatively the frequency with which these factors
appeared to be of importance in all of the identified research-engineering
interactions, Our several attemipts to accomplish this resulted in a clear
appreciation that we were not able to arrive at unifor:r standards which
would permit us to have any confidence in such a svmi-gquantitative analysis,
Instead we again settled for an individualistic appraizal of essential factors,
Each author was asked to summarize each REI in his own words and to
identify those factors which seemed most important to him in the research-
engineering interactions which he identified, From thi- . » rere able to

discover a limited number of important characteristics '‘vhich seemed to be
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present iu a majority of the events, We were also able to agree upon a
numter of circumstances which appeared not to have any true statistical
relevance, at least in the selected number of cases which we had studied,
These considerations form the major part of our findings and also the basis
upon which we have attempted to respond to the second and third charges in
the letter from the Department of Defense,

FINDINGS

General Findiggs

The factors that are most commonly identified in the discussion of the

cases can be classified into three main groups.

1. - Characteristics of the environment in which the events took place,

such as type of institution, its organisation and communication patterns,
management involvement, nature of the support, organisational traditions,

etc.

2. Characteristics of the individuals involved in the events, such as
educational level, basic or applied training and interests, etc.

3. Characteristics of gho problem itself, such as technical difficulties,
the visible need for a oolnt!qn: etc,

These findings are presented below and underlined for emphausis,

Characteristics of the Environment

Two of the three 1nost commonly identified factors in the cases con-
cerned the environment in which the events took place. One of these was
related to the support of the activity, The second was related to the role

of communications during the events, Pt
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*
In eight of the ten cases (A, B, C, D, G, E, I, J) the authors observed
that the flexibility of support was critical to the final success. In these

cases the majority of the REI events required the ability to shift direction
and explore unanticipated paths, This was readily done because the support
was on a broad enough base to permit adequate discretion on the part of the
investigators. In the remaining two cases (E, F) the flexibility of support
was important in at least one of the critical events, ‘though it was not
identified in the majority of the events. In these cases it was most fre-
quently identified as important in the REI events which occurred in the first
three stages (0, 1, 2).

There were two kinds of flexibility which were ide: fied. Most fre-
quently an unanticipated change in direction of attack was required without
any significant change in the over-all objectives of the work. However, in
two of the cases (G, C) a fundamental change in the over-all cbjectives of
the work occurred and the final result was strinkingly differeat from the
original goals. ’

It is, however, necessary to qualify this finding in view of its relation
to other findings of the study that are discussed below, Indeed, each of our
separate findings must be considered in the comtext of all of the findings.
Thus it is noted below that the recognition of a need characterized most of
our cases. Therefore, the flexibility to which we refer above generally
operated in an enviroament that was structured by the recognition of a need.
This, of course, moderates the degree of flexibility which wu. exercised,

In nine of the ten cases (A, B, C, D, E, G, H, 1, J) the majority of the

identified events required close and frequent commuaications between organi -
sationally independent groups. In many cases these groups were geographi-

cally separated and had different functional responsibilities (e.g., basic

* The key to the letter identification of the cases will be found at the
beginning of Part II, It is also indicated in the Table of Contents,
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research vs. development). In eight of the cases (B, C, D, E, F, G, H, I)
geography was very infrequently cited as a significant factor. This latter
finding at first seems at variance with the identified impor‘tance of com-
municationc. On the other hand, close examination of these latter cases

showed that in every instarce there were one or two Vk‘el individ‘ualp who,

throﬁugg thei: efforts, bri@ggd the ‘eographical. oganizaﬁonal, and

functional gaps; actively stimulated communications; and sometimes per-

formed the technical work which was a vital part of the REI, These key

individuals are the people whom we will refer to as "couplers, "

Other environmental factors such as the role of management, the type
of organization (government, commercial, university, nonprofit, etc.),
organizational structure, research and development traditions, etc, are
variously cited as important in about half of the total RE!I events, Thus
one might conclude that in these cases these factors played imﬁbrtant but
not crucial roles. This observation is, of course, based upon an as-
sumption that applies to the entire analysis; namely, that each of the events
had the same significance to the over-all achievement, Indeed, it may well
be that these factors played a crucial role in the most critical event in a
given case, The present method of analysis would not identify that situation,
Indeed in retrospect, the Committee has rocqgniud that our study did not
probe deeply into these other enviroamental f;cton. We recognize this as
a major weakness in our efforts and we will refer to this later,

Characteristics of the Individual

Many of the cases iaclude bio.uplitcal sketches of, or comments about,
the principal individuals who were involved in the critical events, In every
case an individual with postgraduate (often doctoral) education was involved
in at least one of the events, In about half of the cases (A, B, D, E, I, J)
most of the events revolved about individuals with formal postgraduate

academic training,
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In only three of the cases (D, I, J) did the majority-of events involve in
any way some individual whose principal interests were in basic research as

defined on page 10. However, if attention is restricted only to REIs in

stages 0, 1, and 2 then in more than half of the events an interaction with

basic research findigg or a basic researcher was discovered to be im-

portant, This is not surprising since stages 3, 4, 5, and 6 are rather far
down the development and engineering paths, In some cases a basic re-
searcher was involved in the solution of problems in these later develop-

ment stages, but this did not occur frequently.

In several cases an individual emeged whom we will define as a

""champion.' This is an individual who becomes intensely interested and
involved with the over-all objectives and goals and who plays a dominant
role in many of the REI events through some of the stages, overcoming
technical and_organizationa! obstacles and pulling the effort through to its
final achievement by the sheer force of his will and energy. We have
selected the word '"champion' to indicate an individual whose extensive
energies were focused upon a single goal with single-minded purpose, We
do not intend any value judgment in the use of this term and leave such
judgments to the reader in each individual case.

There are many other aspects of individual characteristics that might
have been considered such as formal education in science vs. engineering,
domestic vs. foreign backgrouad, age, professional experience, etc. No
specific attempt was made to correlate these factors and they may provide
a field for further study.

Chanrcterircti.c. of the Problqm

One of the most enlightening aspects of the analyses was the manner in
which the character of the problem itself appeared to affect the frequency

and intensity of research-engineering interactions. In all but one (C) of the

cases studied, the recognition of an important need was identified in a

e i e o e
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majority of the events as an important factor in bringing about the rese vch-

engineering interaction, It was very rare that basic research by itself pro-

duced a new and unexpected opportunity which then stimulated a search for
engineering application, By far the most dominant mode was the case where
an urgent need stimulated a search for solution through prior basic knowledge
This seems to substantiate the simile of research as a well of knowledge from
which engineering can drink to satisfy defined needs rather than as a geyser
which floods the engineer with solutions to present problems and with clear

opportunities for exploitation.

This observation also qualifies the type of communication exchange

which was discussed in the section on environment. In almost all of the

cases under consideration, it was an individual with a well-defined need who

was the initiator of the communications. It was most frequently he who

began the dialogue with the basic researchers and determined its continua-
tion until the need was satisfied, If this generalization is valid, then it is
perhaps most important for the individual on the applications side to be able
‘0 look across the interface to basic research and know when to initiate the

dialogue.

Of course, it is equally important for the individual on the basic re-
search side to be able to hold up his end of the discussion, Furthermore,
as evidenced in at least one of the cases (D), basic research often has
implicit in it large new opportunities for exploitation, and if these can be
recognized on the basic research side great advantage, particularly in
timing, can be obtained. However, the specific cases which were studied
do suggest that the initiative for research-engineering interactions is most
likely to spring from the 'en.inoertng side under the stimulus of a strong

need,

Finally, although in all cases technical problems were enountered and

overcome, in only four of the cases (B, E, I, J) did a majority of events
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require the development of a new solution to a major technical problem. In

many mstances, it appeared that technical approaches were available but

had not been pursued, and it was the act of timely recognition, brmgmg

available knowledge tc bear on the problem, that resulted in the fuul 80-

lution., This leads to the aixggestion that there is much knowledge in the well

of research which has yet to be tested, tried, and applied in the solution of

current critical problems,

The factors cited above have been emphasized because their presence
or absence was particularly striking to the Committee in reviewing the case
histories, It must be repeated that some of the cases emphasized ad-
ditonal factors and that there are many factors which might have been of
critical importance but which the limitations of our study did not permit
us to investigate, We stress again that it is particularly dangerous to draw
broad generalizations based upon these very imperfect analyses. We must
repeat that a principal characteristic of this studi has been the large hetero-
geneity of the environments, personalities and problems which fill our case
histories, We believe that the greatest benefits are to be derived by a study
of the individual cases themselves and by the individual analysis of this
report by each reader.

We believe that perhaps the most important factor which we have docu-
mented is that research-engineering interactions take place within varying
structures of organisation and iavolve complex human events which require
deeper and more thorough study thaa the present one before ge'nenunuons
can be established,

——— — T PR e T e L . P T N et S
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RECOMMENDATIONS

The Committee found great difficulty in addressing itself to charges two
and three of the letter from the Department of Defense. Although we be-
lieve that we can support the general findings of the preceding section, we
feel unqualified to select those findings "most appropriate for adoption by
the Department of Defense.!" We also feel unqualified to make specific
""recommmendations to the Department of Defense regarding appropriate
action leading to the enhancement of the transfer of research to hardware,"
Even within the somewhat limited knowledge of the Committee members, we
are keenly aware of the broad spectrum of organizations, missions, pra-“ces,
and problems that exist within the DOD, We believe that formulation of
recommendations addressed to specific situations would require individual
analysis, for each situation, within the framework of our general findings.
Broad, general recommendations would have little operational value, Such
a detailed and special analysis, organisation by organisation, would be a
major undertaking outside the scope of our present Committee, At the same
time, we have developed a strong belief that there is information in our cases
and in ourfindlqu which could be of great value. Thus, we have considered
how we could most effectively aid the Department of Defense in using the
results of our study, We have arrived at three suggestions,

First, the Committee discovered during the generation of our case histo-
ries and our discussions and asalysis of them that there was a 'patt‘m of
questions which formed and was exceedingly valuable to us in attempting to
define and understand the circums:ances which surround our cases. As our
data accumulated and the general findings emerged, we were able to formu-
late additional questions which provided more useful insight, These
questions applied both to the technical eveats and to the environmeats in
which they took place, We have formulated a list of the questions which
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seemed most pertinent and helpful to us. This list is in appercix I, We
recommend this list to the reader. We suggest that he experirent by
asking himself these questions and by encouraging cthe»s aronnd him to
the same exercise, We have found this to be an enlightening rcxperi'ence.
We are certain that the reader will identify other questions which should -
be asked and which will strengthen this exercise, We believe that this
approach can provide a valuable tool to aid each of the DOD organizations
in evaluating the factors that influence research-engineering inter-
actions in their areas of responsibility and to highlight obstacles to these

interactions if they exist,

Second, the Committee is convinced that we, as individuals, have been
by far the greatest beneficiaries of the studies which have led to this report.
The generation and discussion of these cases was in intensive learning ex-
perience. We recommend this experience to managers and participants in
research and engineering in the Department of Defense and their contractors,
The tools of analysis which we developed are imperfect but useful., The
quentfons which we have suggested may serve as other useful tool., Case
histories have been used classically as a medium for discussion and as a
tool for self-enlighteament and self-examination, Our experiences in this
study reinforce their value for this purpose,

Third, as we have emphasised several times, our ability to accumulate
all the pertinent facts relevant to our cases and to analyse them in the depth
which they might merit has been greatly limited by our inexperience, by our
lack of traiaing ina case wr’itﬁ.. and by the inevitable restrictions of time.
We have mentioned many factors which we suspect may be important, but
which we were unable to probe, We believe that there is more value in the
case history approach than we have been able to capture., For example,
the development of more useful tools of analysis would bs extremely im-
portant in implementing the second suggestio* ;, Therefore, the Committee
believes that a broader and more professional attack on this problem should

& . - e e e e . - e - N A . e -
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* be considered, We would suggest particular emphasis on cases which in-
volve areas of special interest to DOD, Cur cases are mo_nolithic in that
they treat only subjects which were eventually crowned with success, Much
might be learned by studying other selected sub;.ct areas involving' research
and engineer.ng programs which never reached practical fruition, The

Committee recommends ti.at these possibilities be considered.

—
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APPENDIX I

The following list of questions has been generated
as a tool to stimulate discussion and examination of how
research-engineering interactions occur in an organization,
They have been derived through the experience of the Com-
mittee in analyzirg the case histories and relate to the

general findings of the report,

It is suggested that these questions be asked by
managers, of themselves, at all levels in research, de-
velopment, and engineering organisations, The Committee
suggests that the answers offered by nonsupervisory

scientists and engineers would also be enlightening.
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QUESTIONS

1. HOW MUCH FLEXIBILITY IS AVAILABLE IN LEVEL AND ALLOCATION OF
FUNDING AND SUPPORT TO THE MEMBERS OF THE TECHNICAL STAFF REPORTING TO YOU?
HOW MUCH FLEXIBILITY DO YOU HAVE? HOW MUCH FLEXIBILITY DO YOUR CONTRACTORS
HAVE?

a) What approvals are needed to change the level
and allocation of funding?

b) What are the mechanisms to change the level and
allocation? How complex are the mechanisms?
What time interval is usually required?

c) What is the effect of your organiszation's
structure and controls on these mechanisms?
Do they inhibit or stimulate change?

d) What ig the balance in your organization be-
tween flexibility and the need for conmtrol?

¢) What 1re the penalties and rewards involved
for those who make the sometimes risky
decisions to change the levels of funding
and eupport? List some examples.

2, HOW MUCH FLEXIBILITY IS AVAILABLE TO THOSE REPORTING TO YOU WITH
RESPECT TO CHANGING DIRECTIONS AND GOALS? HOW MUCH FLEXIBILITY DO YOU HAVE?
HOW MUCH FLEXIBILITY DO YOUR CONTRACTORS HAVE?

a) what approvals are needed to change directions
and goals?
b) What are the mechanisme for changing directions

and gbalc? How complex are the mechaniems?
What time intervals are usually required?

¢) What ie the effect of your organisation’s
structure and controls on these mechaniems?
Do they inhibit or stimulate change?




d)

e)
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What is the balance between flexibility in
this area and the need for control?

What are the penalties and rewarde imvolved for -
those who make the sometimes risky decisions to
change direction and goals. List some examples.

3. HOW MUCH FLEXIBILITY IS AVAILABLE TO THOSE REPORTING TO YOU IN
STARTING (INITIATING, FUNDING, AND ACTUALLY BEGINNING WORK ON) NEW PROJECTS
OR TERMINATING EXISTING PROJECTS? HOW MUCH FLEXIBILITY DO YOU HAVE? HOW
MUCH FLEXIBILITY DO YOUR CONTRACTCRS HAVE?

a)

b)

e)

d)

e)

What approvals are needed to start new pro:‘fecta
or teiminate existing ones? "

What are the mechanisms? How complex are the
mechanisme? What time intervals are usually
required?

What is the effect of your organization’s
structure and oontrols c1 these meohaniems?
Do they inhibit or stimulate initiation or
teminating actions?

lﬂutic the balanoe bcmn Slexibility in
thieanamdthcmodfaroontml?

Mat are the penalties and rewards imvolved
for those who make the sometimee risky decisions
to initiate or temminate projects? Give some

examples.

4. DOES EACH INDIVIDUAL IN YOUR ORGANIZATION CLEARLY UNDERSTAND THE
FLEXIBILITIES AND LIMITS DESCRIBED ABOVE WHICH ARE AVAILABLE TO HIM AND THE
MECHANISMS, BALANCES, PENALTIES, AND REWARDS THAT ARE INVOLVED?

5. HOW DOES THE DISTRIBUTION OF TECHNICAL EFFORT (1.e.,. IN-HOUSE,
CONTRACT, SUBCONTRACT) AFFECT YOUR FLEXIBILITY? HOW CAN THE BALANCE OF JIS-
TRIBUTION BE CHANGED?




a)

b)

e)

d)

e)
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What approvals are needed to change the
balanve?

What are the mechanisms for changing the
balavice. How complex are the mechanisme?

What time intervals are usually required?

What is the effect of your organization's
structure and controle on these mechanisme?

Do they inhibit or stimulate change?

What is the balance between flexibility in
changirg distribution and the need for control?
What are the penalties and rewards involved
for those who make the sometimes risky decision
to change the distribution of effort? Give
some examples.

6. HOW FAR CAN THOSE REPORTING TO YOU CARRY THEIR WORK THROUGH THE
RESEARCH-DEVELOPMENT STAGES? (SEE PAGE 9) WHAT ARE THE RESTRICTIONS ON
THE DIRECTIONS IN WHICH THEY CAN WORK? WHAT RESTRICTIONS DO YOU HAVE? WHAT
RESTRICTIONS DO YOUR CONTRACTORS HAVE?

a)

b)

e)

To what degree does the formal mission of
your organisation affeot the etages and
directions in which you can work?

What are the mechanisme by which you can
overcoms the limitations? How time comeuming
are the mechanieme? How complex are they?

How oan you influence other groups to carry
your work fémrd? .To support your work?
How time coneuming are these mechanisme?
How complex are they?

7. ARE FREQUENT COMMUNICATIONS BETWEEN YOUR GROUP AND OTHER GROUPS
NEEDED? WHAT ARE THE SPECIFIC GROUPS WITH WHICH SUCH COMMUNICATIONS ARE
NEEDED? IN WHICH OF THE RESEARCH~DEVELOPMENT STAGES (SEE PAGE 9) DO THEY

WORK?
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8. WHAT FORMAL MECHANISMS EXIST TO ASSURE ADEQUATE COMMUNICATIONS
BETWEEN YOUR GROUP AND OTHERS?

9, CAN YOU IDENTIFY THE ''INFORMAL' OR "UNOFFICIAL" STRUCTURES OR
MECHANISMS WHICH SERVE TO COMMUNICATE BETWEEN YOUR GROUP AND OTHERS? WHAT
ARE THEY?

10. WHAT BARRIERS (ORGANIZATIONAL: SUCH SOCIAL ASPECTS AS STATUS DIF-

FERENCES, CLIQUES, MILITARY-CIVILIAN, FUNDING, ETC.) EXIST WHICH MAY INHIBIT
COMMUNICATIONS BETWEEN YOUR GROUP AND OTHERS?

11. WHAT HAS BEEN DONE IN YOUR ORGANIZATION TO ENHANCE COMMUNICATIONS

12. WHO ARE THE INDIVIDUALS IN YOUR ORGANIZATION WHO HAVE ACTED AS
COUPLERS? (SEE DEFINITION ON PAGE 4 .)

a) How do organisational factors affect the way
these people function as couplers?

b) Do you give specific recognition to the
coupling function?

e) Do you have special programs to develop
coupling ekille?
13. WHERE AND WHO ARE THE PEOPLE IN YOUR ORGANIZATION UPON WHOM YOU

RELY TO ACCOMPLISH THE TRANSITION BETWEEN RESEARCH FINDINGS AND ENGINEERING
PRACTICE?

a) How do your applied research people oom-
mmioate with people working in relevant
areas of findamental research and with
people who have end-item responsibilities?

b) How do your basioc research people stay
abreast of relevant applied research and
with DOD needs?

e) How do those with end-item responeibilities
etqy abreast of relevant applied and funda-
mental research?
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d) How do each of these kinds of peopls remain
ourrent in their own specialties?

_ 14. WHO ARE THE PEOPLE WHO HAVE BEEN M'CHAMPIONS' (SEE PAGE I5) IN
YOUR ORGANI ZATION? .

a) What kinde of barriers did they have to over-
ocome? Do the barriere still exist? How were
they overcome?

b) How was the "champion" rewarded? What is his
role today?

¢) What effect did he have on the organization?

15. ARE THE MISSION, GOALS, AND LONG-RANGE OBJECTIVES OF YCUR
ORGANIZATION CLEARLY DEFINED?
a) Are they defined by a technical or administrative
part of the organization?

b) What specific role do you play in defining
the misgion, goals, and long range objectives?
What role do the people who work for you play?

e¢) Do the people who report to you have a full
underetanding and perepective of the mission,
goals, and long-range objectives? How is this
achieved?  Upom whom do you depend for this
underetanding and perepeotive? Do your oon-
tractore have this underetanding and perepective?
How e this achieved?

d) How much of the work performed by your organi-
sation cleariy oonforme to the defined missionm,

. goals, and long-range objeotives? How much
deviation, if any, ie permitted? Who decides?

16. DOES YOUR ORGANIZATION HAVE A COMMITMENT TO THE DESIRABILITY OR
NECESSITY FOR RESEARCH-ENGINEERING INTERACTION? IF THIS COMMITMENT EXISTS,
WHAT DO YOU DO TO MAKE IT VISIBLE? |
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17. WITH WHAT FREQUENCY DO INDIVIDUALS TRANSFER BETWEEN BASIC RESEARCH
GROUPS, APPLIED RESEARCH GROUPS, AND ENGINEERING GROUPS?

a) Do transfers occur in both directions?

b) Do iransfere occur between line and staff
organisations?

©) Who are some of the people who have
tmnsferred?‘

d) Ts there any correlation between individuals
who transfer and irdividuals who participated
in events which you would define as research-
engineering interactions?

18. WHAT IS THE DISTRIBUTION OF FORMAL EDUCATION IN THE VARIOUS PARTS
OF YOUR ORGANIZATION? |

a) What formal educational background is re-
quired for the assigned reeponsibilities of
the various parte of your organisation? How
closely dose your present staff matoh these
requirementes?

b) How does it matoh between groups whom you
edpeot to oommmioate and intcrect with each
other?

o) Does the distribution foster or impeds
oommmioation?

19. WHO DEFINES THE SPECIFIC NEEDS TO WHICH YOUR ORGANIZATION IS
EXPECTED TO RESPOND?

a) Are the needs defined by a teohniocal or
adwmintstrative part of the organisation?

b) What specific role dn you play in defining
the needs? What role do the people who work
for you play? What role do your contractore
play?




ANSWER?

20.

21,

22,
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¢) Are there formal mechanisms by which the
vartous parts of your organization oontribute
to the definition of these needs? '

HOW WELL SPECIFIED ARE THE NEEDS TO WHICH YOUR ORGANIZATION IS
EXPECTED TO RESPOND?

a)

b)

e)

d)

e)

HOW ARE

a)

e)

Are they specified in detail or only broadly?

What is the usual time inteival between the
defivwition ¢f a need and its expected
satis faction?

When neede are specified, are approaches
usually suggested?

Are the needs alwauvs within your understanding
of your mission? Can you identify needs whioh

were not?

In the past, how reliable has been the definition
of the needs with which you have been presented?

NEEDS COMMUNICATED TO YOU?

Are there formal mechanisme for presenting

needs?

Are there formal mechanisme by which you can
react and comment on the neede as originally

defined?

What te the usual time interval between the
identifioation of a need and the actual start
of the required work?

ARE NEEDS OFTEN PRESENTED TO YOU FOR WHICH YOU HAVE AN IMMEDIATE ~

a) In suoh specific casse did the answer come
from broad general programe in your aréa or
from speoific programe originated to eatisfy
other needs?
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Have you had difficulties in selling answere
once they have been obtained? If such diffi-
culties exist, can you recognize any common

causes?

23, ARE THE PRINCIPAL NEEDS FOR WHICH YOUR ORGANIZATION IS RESPONSIBLE
CLEARLY UNDERSTOOD BY ALL THE PEOPLE IN THE ORGANIZATION?

a)

b)

What are the mechanisms by which the membeérs
of your organization learm about new needs?

What is the usual time interval between the
definition of a new need and each member's
awareness of it?

-

24, IN THOSE INSTANCES WHERE YOU HAVE USED THE FINDINGS OF BASIC
RESEARCH TO HELP SATISFY A CURRENT NEED, WHEN WAS THE PERTINENT BASIC RESEARCH

PERFORMED?
a) If the research was relatively old, why do you
think it had not been applied earlier?
b) What was the mechanism by which it was now
applied?
e Y O ——— — -




APPENDIX Ui

FACTORS CONSIDERED IN ANALYZING EVENTS OF
RESEARCH-ENGINEERING INTERACTION

1. High educational level (advanced degree) of principal investigator
2. Importance of management

3. Importance of Government-sponsored research

4. Importance of recognized need

5. Requirement of flexibility to change direction during work and
local control of funds (easily available resources)

6. Industrial laboratory involved

7. Basic research in the laboratory (or institution or organization)
8. Communications across organizations was important

9. Technical problem was the principal obstacle

10. Importance of a "champion"

11, Freedom for individuals

12. Broad spectrum of types of laboratories

13. Geographic proximity

14. Prior experience with innovation

15, Organisational structure (barriers and bonds)
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KEY TO LETTER DESSIGNATIONS FOR CASE MISTORIES

Miciatlic Materials

Cemented Titanium Carkide R, 5. Davis
T.ockalloy J. J. Harwood

p_i_'ganic Materiais

Polysulfig: Polymers E. M, Fettes
Polysilicomso T. G, Fox

Polybenzimidapoles W. E, Gibbs
Antiozonants for SBR Rubber M. P, Marks

lnotlaic Noa-Metazilic Materiau

"Eyrocermawbnnd Glass-Ceramics M. G, Britton

Missile -Grade Graphite E. M. Glass

Electromic Materials

Lodex® Magnets R, H, Pry

Supercondh.ctors iec High Mugsetic
Field Seleaocids M. Tangnbaum
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A CASE STUDY

THE DEVELOPMENT OF CEMENTED TITANIUM CARBIDE
CUTTING TOOLS AT THE FORD MOTOR COMPANY

The cermet system tungsten carbide-cobalt has developed wide appli-
cation in industry, principally as cutting tools. The significant con-
tribution of this material to the modern machine tool industry may be
traced to its high hardness, strength and toughness, particularly at
elevated temperatures. Advances in this field of technology have been
confined to the evolutionary development of a range of compositions and
microstructure within this system for a variety of applications. Re-
cently, however, a competitive cermet system, titanium carbide-nickel-
molybdenum has been developad which demonstrates a significant ic;rove-
ment as a cutting tool material for many applications; a better than four-
fold improvement in life limited by wear in semifinish and finish machine
cutting of steel, for example. This case centers ¢on the events leading
to the discovery, development and commercial realization of this cermet

system.

The major reorganiszation of the Ford Motor Company undertaken after
the second World War included the formation of a corporate research and
development activity as an adjumct to corporate engineering. An orga-
nization structure based on field-oriented departments in physicez, chem-
istry, engineering mechanics, metallurgy, etc., plus a department that
was devoted to the development of gas turbine engines was adopted. This
latter, project orieated, departmeant represestad a major activity in
this laboratory durta; the early 1930's.

- At the early period of the development of the. luboratory the metal-
lurgy grcup was small, iacluding oaly one professional metsllurgical
engineer with previous Pord experience. Others in the group were new to
Pord Motor Compsay. Dr. M. Numeaik was the first membsr of the group to be
trained in the field of ceramics. In this early period, the laboratory
was in the process of developing and purchasing facilities and equipment
required to carry out the resesrch programs. The following factors con-
tributed to Humenik's decision to undertake an sxtensive long range




research program in the field of ceramics.

1. The laboratory had considerable interest in gas turbines during
the early 1950's. Materials impose a principal limitation on the
development of an efficien:t gas turbine. This is particularly true
for the case of a relatively low first cost turbine intended for use
in motor transport. During this period there was an extensive in-
terest in the potentiai of cermets for this application and a con-
siderable iavestment of govermment Research and Development funds
in this area.

2. When Humenik had started his thesis work at MIT during 1949,
that Institution was heavily involved in the Oak Ridge NEPA (Nuclear
Engine for the Propulsicn of Aircraft) project. A sub-project was
the development of cermets. Within this prograu Humenik selected
as a thesis topic the wetting behavior of liquid metal-ceramic
systems under the direction of Professor W. D. Kingery. He had
developed a sessile drop techniquel for measuring contact angles-.
at elevated temperatures and had developed considerable insight in-
to wetting phenomenon, as it was then underntoodz. At the same
time he had been exposed to the work of Joseph Gurland and J. T.
Norton on the role of the metallic phase in determining the prop-
erties of the WC~Co oyotcns. A keen appreciation for the part that
microstructure plays in determining the properties of these mate-
‘rials vas therefore developed. All of this combined to suggest an
approach to improving the properties of cermets designed for high
cempersture applicitions.

3. The Metillurgy Dapartment had been assigned responsibility for
a matarials developuent program in support of the gas turbine effort.

Although the WC-Co system was obviously not suitable for gas turbine
application, it was also rccognized that this system did indeed embody
many of the desirable properties that were strived for in cermets. The
possibility of developing a cermet based on TiC, which has a relatively




low density, with a binder that would provide a significant resistance
to oxidation, was attractive. The T1C-Ni system had been investigated
but extensive grain growth occurred during the early stages of sinter-
ingl‘. The Gurland-Norton work had demonstrated the importance of a fine
dispersion of the carbide in a thin ¢ mtinuous metallic matrix. Humenik
postulated that the grain growth in the TiC~-Ni system was due to agglom-
eration of the carbide particles rather than solution and reprecipitation.
He therefore focused on the wetting problem and set out to find a metal-
lic binder that would completely wet TiC. To this end a sessile-drop
apparatus was developed at Ford and wettability studies were started
early in 1954.

The early work at MIT on the wetting of oxides with 1iquid metals
had suggested that the addition of strong oxide formers improved wet-
tability. Following this lead preparation of a series of binary alloys of
nickel with elements ranging from the strong carbide formers like titanium
to the weak carbide formers like molybdenum was undertaken. The early
experiments starting at the top of the series were disappointing. However,
before the experiments progressed to the bottom of the series a nickel
liquid drop accidentally came in comtact with & molybdenum radiation shield
and completely wet the TiC, thus moving shead by a few weaks the discovery
that Mo added to Ni forms a liquid slloy that exhibits s zero comtact sngle
with respect to TIiC. The fimne dispersion and insignificant grain growth
characteristic of the WC=Co system were subsequemtly showm for the TiC-Ni-
Mo systea.

During the wiater of 1934-55 Humenik and his co-workers undertook an
intensive cermet development program concentrating on the TiC-Ni-Mo sys-
tem. They measured impact resistance, bend strength and hardness. They
solved a variety of problems in preparing specimens. Experiments to op-
timize composition and particle size with regard to final microstructure
and properties were initisted. At about this time, the gas turbine pro-
ject had progressed to a state of davelopment where the possibility of
introducing a cermet matcrial was minimal. On the other hand the cemented
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TiC material was showing hardnesses greater than those. obtained in the
WC~Co system, suggesting that it might be worthwhiie to evaluate it for

cther applications such as a cutting material.

The Ford Motor Company has a development group in manufacturing
staff that is organizationally separate from corporate engineering and,
therefore, the laboratory. This group provides certain testing services
as part of their function including machinability tests. During 1955,
specimens of the newly deéékpped TiC-Ni-Mo material were submitted for
evaluation. The results indicated that the tool showed plastic defor-
mation but th~t a considerable reduction in flank wear was experienced.
Within three months the composition was modified to the point where the
tools now demonstrated substantial porential for improvement over the

existing commercial materials.

A three-year development program followed that clearly demonstrated
the value of the material. Included was evaluation in production ma-
chining operations. Significant savings in tool costs, ~educed down-
time, and production efficiencies were established. During this period,
the Manufacturing Development Office - Manufacturing Staff continued to
provide laboratory machinability test data, and another Manufacturing
Staff organization, the Design and Standards Office, was instrumental in
carrying out the production machining tests.

Management felt that it was now appropriaste to consider the commer-
cial exploitation of the cemented TiC. Various possible approsches were
reviewad and it was concluded that the greatest economic gain could be
achieved by the immediate utilization of the TiC tools in the Company's
manufacturing overations. The proposed strategy involved the manufacture
of tools in Pord until arrengement of licenses with outside companies
could be effected. Top msnagement approved and authorized the invest-
sent necessary to develop the production facilities. Research Staff was
directed to establish this facility since it hed the necessary capability
as vell as an intense interest in a successful outcome.




A facility for producing cemented TiC cutting tools became operative
in Research Staff during 1959 and Humenik undertook the task of intro-
ducing this material into the manufacturing operations of Ford directly
from the laboratory. The following factors would seem to minimize the
difficulty of introducing this innovation.

1. The laboratory had complete control of production of the product.
2. Ford had its own Carbide Fabrication Department which provided
a means for distributing the tools and promoting their use in-
the manufacturing plants.
3. In general, the substitution of cemented TiC for cemented WC
did not involve a major modification of the machine tools in-
volved or the machining processes used, and its advantages
could be readily demonstrated.
4, The unit cost of producing a small number of samples of a cer-

met for test was not exorbitant.

At present, cemented TiC has replaced a significant fraction of the
WC used at Ford. Since the patent issued during 1961, outside firms
have been licensed to manufacture for sale both to Ford snd to the gener-
al market. This and related activities contiaues to be one of the major
projects in Humenik's group, however, progress has not been as rapid as
they would have liked. The following factors mey have comtributed to
the difficulties experienced:

1. The sutomotive industry at this time was experjencing an unpre-
cedented period of incressing production schedules which put great
domands on manufacturing persomsel.

2. The automotive industry is, of course, very cost conscious.
However, in the short term, production schedules take precedence and
the uncertainty associated with an innovation in a masufacturing
process at least threatens their cepacity to meet production commit-
ments.

3. Suppliers of the competitive cemented WC unintain an active
sales organization and provide technical s: - 28 to their custo-
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mers. It is difficult for a corporate research lsboratory to gear-
up to provide similar services.

4, The value of the cemented TiC cutting tools over the existing
materials can only be demonstrated unequivocally in actual produc-
tion. Production teetq;have to be carefully monitored and an ex-
tensive evaluation covering a diversity of manufacturing plants

and operations requires a major effort.

From time to time, manufacturing operations are confronted with
specific production problems. Humenik and his group have had, and con-
tinue to have, an opportunity to provide solutions to a number of machin-
ing problems within Ford, sased on the use of cemented TiC cutting tools.
It is the success achieved in these difficult operations that has been
a major factor in generating the interest and enthusiasa of manufacturing
personnel to adopt TiC tools on a broad scale.

. .
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ANALYSIS
OoF
CASE HISTORY
OF
THE DEVELOPMENT OF CFMENTED TITANIUM CARBIDE CUTTING TOOLS
AT THE FORD MOTOR COMPANY

DESCRIPTION OF RESEARCH-ENGINEERING INTERACTIONS (REIs)

Description

A high temperature materials program iritiated at the Ford
Scientific Laboratory in support of Ford's turbine program and
Humenik's interest in this field.

The recognition of the potential of the NiMo-TiC cermet for

machine tool applicaciions.

The initiation of a testing and development program to optimize
the Cemented TiC for specific meta! cutting applications.

The development of a pilot manufacturing operation ia the
laboratory.

Troubleshooting plant machiniag problems as a basis for
introducing this new preduct.
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STAGES AT WHICH REIs OCCURRED

—

RET
0 a
1 b
2 and 3 ¢
5 d
4 and 6 e

3 -
Stages were defined by the Committee for purposes of this study, as

follows:
STAGES

No. Definition

0 Scientific finding (knowledge)

1 Recognition of new material (process) possibility

2 Creation of useful material (process) form

3 Peasibility of using the material (process) in hardware
3 Possibility of using the hardware containing the mate-

rial in a system
S Production of the system (product)

¢ Qperation of the system (product)



FACTORS CONSIDERED
IN ANALYZING EVENTS OF REIs

From its study of all the cases, the Committee selected a number of
the more prominent factors which seemed to be operating with some fre-
quency in the identified REIs. The statistical analysis of the frequency

of these factors in this case is shown below.

Factor REL Total
No. a dl e
1. High educational level (advanced degree) of B | ‘
principal investigator ‘x| o x| x| 5/5
2. Importance of management x x] x| &4/5
3. Importance of Government-sponsored research x| 1/5
4. Importance of recognized need x] X 4/5
5. Requirement of flexibility to change direction | x 4 d x 5/5
during work and local control of funds (euuy
available resources) |
6. Industrial laboratory involved x xﬂ )? x| x| 5/5
7. Basic research in the laboratory (for inst. or | x ‘ 1/5
org.) ‘
8. Communications across organisations was x 1 x| 4/5
important
9. Technical problem was the principal obstacle | | 0/0
1J. Importance of a "champion" x| x - 5/5
11. Preedom for individuals x xﬂ xﬂ 5/5
12. Broad specisim of types of laboratories x 1/5
13. Ge.ogcaphic proximity x| - x| x| x{ 5/5
4. Prior sxperience with innovation | x| x| 2/5
15. Organizations) structure (barriers and bonds) 0/8
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SUMMARY ANALYSIS

This cagze is interesting in that a single individual played a
central role in all phases, from the original research through to the
introduction of the product to the manufacturing operations. In the
one extreme he conducted an enlightened research program that led to
the basic discovery and on the other hand he provided technical service
to mnnnfnctuiing as a basis for acéelerating the introduction of his
product. In every phaueiho received significent support from the man-
agement of the Ford Motor Company.
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A Case History
of

The Development of "Lockalloy" -~ A Be-Al Composite Alloy

Introduction
Lockalloy is the trade name for a class of beryllium rich-aluminum

alloys developed by the Lockheed Missiles & Space Company, a division of
Lockheed Aircraft Corporation. While not yet in extensive commercial use,
its properties of low density, high elastic modulus, good strength, good
ductility and good fabrication characteristics have indicated consid;mble
potential for structural applications in aerospace vehicles. Details

about its composition, preparation and processing are still proprietary
(patent applications by Lockheed have been filed) but the key feature of

the alloy resides in its controlled microstructure thus providing the
characteristics of rollability and ductility. Although it is not yet in

any volume applications, Lockalloy represents an interesting case a:tudy for
a number of reasons: 1its roots reside almost entirely in a readily identi-
fied materials need of aerospace vehicles; its exploitation vaz aggressively
pursued by a consumer rather than a primary metal producer; c¢rumercialisation
was accomplished in approximately 3 years from date of conception, indicat-
ing the speed of transition from research to‘oncimr:lng practice which is
possible by a properly funded, corporate supported, aggressive progream of
materials development; it provides interesting impliocations about the back-
ground value of DOD and other govermment supported materisls research programs
and the problems sssoociated vith materials R and D conducted under specific
military system oontracts.

Background
Historically, there has alwvays existed a long-standing DOD cbjective for

low~density, high modulus, high strength alloys for military aircraft and
aerospace systems. The design of aircraft structural members, tesed upon
buckling and rigidity parameters rather than merely tensile strength, made it
evident that significant vehicle advances could be achieved if lightweight
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alloys vith higher modulus than aluminum were available. Prior to and
during World War II some ef'forts were pursued along these lines, but

more serious programs were initiated after World War II to accomplish
these objectives, both in this country and abroad. It was recognized that
normal metallurgical practice could only affect the modulus in a minor way,
and in the period of 194(-1949 the Bureau of Aeronautics (Navy Dept.)
sponsored research to increase the modulus of aluminum alloys by addition
of beryllium. There is little mutual solid solubility of aluminum in
beryllium. These programs resulted in the laboratory development of
aluminum-beryllium alloys with & modulus as high as 20 X 106 psi, ut
these alloys were not well received by the aerconauticsl industry because
of the low ductility as well as the lower strength properties than the
commercially available high strength aluminum alloys. As a result of the
limited receptivity for such alloys and the concern thst sufficient supply
of beryllium would not be available for structural alloys because of AEC
needs for nuclear reactors, research activity along these lines ceased.

Because of its important use as a moderator in ruclear reactors, the
AEC had launched a massive R and D program in the post World War II period
for the production of beryllium in maseive form and for the investigation
of the properties of beryllium and its alloys. By the early 1950's,
beryllium had achieved a status as a commercial materisl with singular
importance for the atomic energy program. Practically all of the beryllium
produced was channeled for AEC utilization. Although Be was being produced
in substantial quantity and in massive form and although Be exhibited the
unusual combination of lightweight and high modulus, several important
features precluded its serious consideration for major non-nuclear appli-
cations, such as a structural material: (a) the AEC requirements, (b) its
extreme brittleness, (c) the question of toxicity, (d) its high cost. 1In
1954, the American Society for Metals in conjunction with the AEC, sponsored
a conference on Beryllium, the proceedings of which were published in 1955

in a book The Metal Bervilium by White and Burke. This volumne made
available to the public a large amount of information on the technology of
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beryllium developed under AEC contracts. By 1955 the AEC needs for beryllium
had diminished and satisfactory procedures for hemdlj.né'{1 beryllium nad been
worked out such that the toxicity problem was not a serious deterrent. In
195¢ Micks and Hoffman of the Rand Corporation issued a report to the Air
Force emphasizing the advantage of beryllium as an important material for
advanced aircraft and missile systems, for both structural and nose cone
applications. It must be recognized that at about this time, missile systems
were beginning to assume prominence over aircraft and the nose cone problem
for the Atlas missile was a high priority program in the Alir Force.

The Rand report generated considerable discussion ia DOD circles which
led to the initiation of R and D programs for the investigation of Be (and Be
alloys) as a structursl material. The problems of ductility and fabtricability
of Be sheet were major targets. The Air Force undertook a comprehensive
program in this fleld with the scope ranging from research to manufacturing
methode and more limited efforts were sponsored by the Bureau of Asronautics
concentrating on the btrittleness problem.

It is of interest to note that a few patents existed claiming ductility
for Be alloys, one in particular teaching that an alloy inclnding approximately
70% Be end 30% Al overcomes the inherent brittleness of the beryllium and makes
possible mechanical operations such as rolling and forging. Such claims,
hovever, apparently were not generally validated since A. R. Kaufmann and
P. Corzine reported in the 1955 ASM volume on Beryllium as follows: "One can
imagine that the brittleness of beryllium can be partially overcome by prepar-
ing an alloy in vhich small beryllium grains are completely surrounded by
matrix of ductile metal. The most obwicus possibility is an alloy of beryllium
and aluminum since no compounds are formed in this syctem. Several studies
of such alloys have been reported in the literature . . . . For the
present purposes it seems sufficient merely to say of these results that
none of the alloys between 10 and 70% beryllium appeared to be ocutstand-
ing in strength and ductility . . . « . « It wvas also difficult to obtain
homogenecus, gas-free castings because of the large difference in melting
points of the two metals and the fact that the liquidus and solidus temperatures
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are widely separated. For these various reasons, Bo-Al alloys had not become
of commercial importance so far as is inown to the writers. Alloys of Be
containing only a few percent of aluminum (insufficient to establish a ductile
network) have failed io show any improvement in physical prcperties over

"pure" Be, although there may be some advantage in improved fabricability and
castability." Here is a clean-cut example of the concept of a composite
material, whose exploitation at that time was limited by technical difficulties.

By 1956, nose cone materials for ICEBM's and IRBM's had achieved a high
priority status. ‘The high weight pennlties associated with the use of
copper heat sinks focussed attention upon other materials and other systems
of’ heat alleviation and thermal protection. Because of its high {emperature
thermal properties, beryllium was an interesting contender for such applicationms.
The AVCO R and D Laboratories under Air Force contract, were investigating
the applicability of Be as an afterbody material for the copper nose cone.
Joining and btrazing of large sections of beryllium were problem areas which
received particular attention. By 1958, J. B, Cohen of AVCO had developed
a satisfactory method for brazing of Be through the use of silver as a
btrasing materisl. Quoting from Patent 3,052,521, filed January 19, 1959,
and granted March 26, 1963: "Contrary to earlier reports, alloys of silver
and beryllium can be made ductile if produced by the novel process to be
desoribed. Briefly, the invention comprises the production of a metastable
form of the alloy in which the beryllium is present as discrete globules
surrounded by a matrix of substantially pure silver. The metastable form
of the alloy is made by quickly cooling it through the temperaturs renges in
which peritectic phares tend to form under conditione of temperature equilibrium.
In other words, it has been found by sctual laboratory experiments that chill
casting of alloys having a high beryllium content yields a ductile material,
& discovery that is diametrically opposed to the teaching of the prior art,"
Although the desoriptive portions of the pateat have obvious reference to
making ductile alloys of beryllium and silvir the patent claims are specifically
directed toward producing temperature resistant joints from the use of a
beryllium-silver alloy by controlled solidification procedures. In 1931
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Patent No. 1,816,961 had been granted to H. S. Cooper on ductile two phase
Be-Al alloys. J. B. Cohen reported his results at an AIME meeting (probably
in early 1959) and it was published in Trans. AIME February,1960, Vol. 218.

In this paper, he showed that Be-Ag alloys containing primary Be phase
embedded in matrix network of silver, possessed sufficient ductility to be
cold-formable. Photomicrographs revealed that the beryllium particles under-
went extensive plastiz deformation during the rolling treatment. Cohen also
stated that alloys with lower silver contents, which did not have a continuous
silver network, were brittle.

Related work on copper impregnated tungsten "and on other beryllium alloy
systems was going on at AVCO and it is highly probable that they recognized
the implications of the ductility achieved in the Be-Ag alloy system. A
number of factors apparently coexisted at this time which precluded exploita-
tion of this development by AVCO.

1. With the change from the Atlas wvehicle to the advanced re-entry
vehicle for the Titan missile, beryllium was phased out for nose
cone applications and replaced by ablating materials. As & con-
sequence of official Air Force decision, beryllium work was
discontinued at AVCO.

2. No special interest was ovidenced by Air Force materials organisation
in the Be-Ag results and no fu-ls for continuation of this work were
m:ide available by the Air Force.

3. Much of the original work was supported W direot AVCO funds, and
in view of other pressing materials prodlems associsted with vital
AVCO projects, continuation of the program did not have high priority
and did not receive “unding.

4Le Structural materials for air frames and related npplicdtion were
of secondary importance to the major AVCO nbjective of nose cone
systems.

5. The principal investigator, J. B. Colen, left AVCO about this time
and some »f the technical impetus thereby was lost.



s, timing appears 3o 2o sm tmpartast esnsideration in the AWD glcware.

It also indicates the YlakiMdting cifcumseribing fwctors surfounding smtewrials
R und D conducted as a divest support toc systems or end itss Frocusemsnt.
Developnu out of lime with systems ohjectives oftem are relagsted to & hack
seat Bectuse of other pressures.

Duing the same period of time as the AVCO vark was progressing, Arwous
'Research Feumdations under Bu Aer contewct was investigsting the develappmmt.
of ductile beryllium alloys besed upon particular compositss - 1.0, puo~
peration of composite materials predominantly of Be contaiming a comtimucus
ductile phase, ty means of liquid phase sintering. Armour Regserch Pouninties
had previously ehoum that such an approach could dead to promising cold
rollability witsh sweh matarials as tungsten amd chromium. In additiom, AR
had develope i working psimeiples for considsration of materials seleoidom
for such composites bassd upern mateding of the flow stresses of the rincipal
Phase and the ductile matrim. T Du aer oomtract with ARP, begimaing in
late 1958, wvas arranged prior to She pubiished reports of the AWO work and
apparently independently. Similar ta AVCO, Armour also was suosessful in
preparing ductile Be-Ag and Be-il alleys, pirticularly throwh the use of
ternary additions, e.g., gormanium., The Final Report of ARF %e the Bureau
of Naval Weapons (ARF 2187-6, Octoder 20, 1960) on Buctile Beryllium Alloys"
concludes as follows: "The feasibility of liquid phase sintering for produc-
ing beryllium alloys has been established. The development of engineering
materials appears imminent." WADC issued a technical report on the AVCO
Berylliua joining progrem in April 1960 (WADC Tech. Rept. 59-695, Part I).
Both of these reports were available to Lockheed and it seems probable
that the Lockheed metallurgists were well awvare of this vork, prior to formal
1ssuance of the reports. The Bureau of Naval Weapons work was reported at
the NASA Research Advisory meeting throughout 1960; Lockheed was represented
on that group. Both the Armour work lnd the AVCO work are referenced in a
literature survey on Be prepared by Lockheed and issued in April 1960
(LMSC 288190).
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This then i3 the background which set the stage for the development
work on Lockalloy by the Lcckheed Missiles & Space Division. To this
picture must be added the strong internal motivations which prompted the
Lockheed group to aggressively explore the implications cf the cuncepts
and alloy developments outlined above, As a major DOD contractor for
aerospace systems, the Lockheed group was highly conscious of the
advantages to be gained from the use of materiais exhibiting lightweight-
high modulus characteristics.

Lockheed was using Mngh alloys for structural applizations in such
aerospace systems (because of its good moderate temperatuys creep strength
and low density) but its low modulus waz imposing a sarious des%gn penalty.
Lockheed had also establishad a msjor facility and program for the investi-
gation of beryllium sheet, btut fabricability difficulties and brittleness,
perticularly under multiaxial stress conditions, still presented major
problem areae, This field of materials development cbviocusly was of prime
interest to Lockheed for their space systems nrograms. Starting in 1957,
tne design and structure groups at Lockheed had snalysed the potentialities
of beryllium, which led ultimately to its extensive utilisation for re-eatry
bodies in the Poleris program. This was the (or ome of the) first Jarge
scale use of Be in asrospace structures and estadblished Lockheed in a
strong position regarding utilisation of the then "stute of the art" Be
technology.

A veight saving analysis by Lockheed of cne major space system indicatad
that one pound of weight saved for the space veh!cle was worth the invest-
ment of $20,000 R and D work on new material.: development. Thus, the
availability of technical information in 6¢:. ca possible ductile Be
composites coincided in time with a stron; loclnesd internal need for
improved high modulus materials. This point i: important since it appears
that in the 5-year period since 1960, ths state of wrt of fatrication ard
machining of beryllium has progressed to the point such that a program on
Be-Al alloys might not have been pushed in 1965 by Lockheed as it was in
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1960. By 1962 Lockhee.. had completed a 3-year program analyzing the
problems related to the utilization of Be sheet for aerospace structures
(ASD Tech. Rept. 01-092, Feb. 1962, "Strength, Efficiency and Design

Data for Beryllium Structures"). This program culminated in the use of Be
for forward section skins in the Agena vehicle which was successfully
launched in June 19/4. Be is now in full production for this application.

Lockheed Chronology

The information available by the fall of 190 on Be-Ag and Be-Al alloy
develorments triggered the Materials group at Lockheed Missiles & Space
Coupany (LMSC) to explore the po‘entialities of the composite approach as
a practical means for making ductile Be alloy sheet. The Director of the
Materials Laboratory (Dr. M, Steinberg) at LMSC was particularly conscious
of the implications ind was a moving force in stimulating such consideration.
A detailed literaturs review and analysis of Be alloy systems was undertaken
with the conclusion that the Be-Al system represented the best system to
achieve an acceptable trade-off of modulus for ductility. The projected
properties of the Be-~Al system were enthusiastically acoepted by the
structure and design people, as a compromise substitutes for Be and Mg allcys
for specific Lockheed appliocations; and corporate encoursgement for initiat-
ing an accelerated nrogram was received.

A detailed applied research and development program wis formulated by
the LMSC Materials group and after some preliminary experimentation a com-
prehensive investigation of prooesses for making Be-Al alloys was undertaken,
both in=house and with suboontractors. Powder metallurgy, casting, liquid
Fhase infiltration and coating of Be powder were selected for study. Because
of the strong internal need for materials of this type and in view of a
potential proprietary position, the decision was made to support the prograa
through corporate funding, rather than seek DOD contract support. The crash
pregram resulted in success within 4 months, in that technological reduction
to practice on a small sample scale was achieved, One of the Ley contribu-
tors to the success was a subcontractor laboratory, which was one of the
leading laboratories in the technology of Be. It is significant to note
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at this point, that the decision making responsibility and financial
support resided at the level of Director of the Lockheed Materials group.
His enthusiasm and perspective appear to be important features of the
operation of the program.

In early 1962, a large scale R and D prcgram (still on a laboratory
scale) was instituted for alloy optimization, metallurgical control, and
reduction of process costs. Decision making responsibility to invest
$150,000/yr. to pursue these objectives still resided at the laboratory
ievel (but with corporate encouragement). By the end of 1962 process
feusibility on a large-size laboratory scale was demonstrated. Recogniz-
ing that Lockheed was not a basic materials producer, decision was made
by Lockheed to seek outside development sources through licensing arrange-
ments. Since Lockheed had a pressing need itself, for about 50,000 1b./yr.
of the alloy, commercial organizations with available facilities for scals-
up were primarily considered. A total potential market of $50 million/year
was envisaged for the Be-Al alloys over a five-year period with double
the value for the long-range future. A series of discussions with a
number of commercial firms ooccurred (on a Confidential disclosure basis) to
arrive at a source of an integrated facility for metal preparation and
fabrication. In September 1963, an agreement was signed with Dow Metal
Products Co., and the Beryllium Corporation to scale-up a production
facility. (The Dow Metal Co. is no longer in the picture and the Beryllium
Corporation is now producing and selling "Lockalloy" commercially.)
Material is now available in commercial sises and shapes and is being
svaluated for numerous applications. IMSC has ‘completed a detailed design
data study on Lockalloy and a market analysis and is optimistic about its
large~scale use in space systems and numerwus other applications vhere low
density, high modulus, and good strength are required. '

The environment in the Research Laboratory of ILMSC must be considered
as an instrumental factor in the Lockalloy story. The Lockheed Research
Laboratories play an important role in contributing to Lockheed's key
position in the aerospace field. In addition they provide a base for
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diversification opportunities for IMSC. A broad spectrum of research
relevant to the interest of IMSC is conducted with 2 large, highly
professional organization. About 50% of the programs are contract

funded with the balance supported by the Company's Independent Research
Program. A key feature of the operation appears to be the level of
responsibility vested in maunagers of the various research laboratories
for program control. Certainly in the Lockalloy development the decision
making responsibility for program initiation and funding residing in the
Manager of the Materials Laboratory provided the flexibility and the push
for conducting an aggressive program. The responsibility for the trans-
lation process was uniquely identified with one group -- there was no
necessity to tranafer money, people, ideas, or responsibilities across
organizational interfaces.

Perspective
A number of factors emerge as being of significance in the Lockalloy case study:

1. Certainly the Lockalloy development has its roots in the broad field
of beryllium technology, but it provides an interesting wvalidation
of the "window to science" justification for corporate support of
research. The avallability of a technical staff with access to
channels of technical information directly led to the recognition
of the implications of results reported by an external laboratory.
It must be noted that the metallurgical concept upon which Lockalloy
is based is not new - it underlies numerous practical metallurgical
systems. It required the laboratory demonstration of the applicability
of the concept to Bs to trigger off a chain of events at LMSC which
led to Lockalloy.

2, The background information developed frou the DOD supported R and D
programs contributed to the technical origin of the Lockalloy devslop-
ment.

3. A well-defined materials need existed in IMSC which provided a
critical‘stimu]ation for pursuing the development with an aggressive
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R and D program. Recogniticn of the importance of the need by the
Research Laboratory and an environment which enabled flexibility

and funding of crash programs were importent features. The existence

of a captive market provided a strong basis for corporate support
and capital investment.

The delegation of appropriate decision making responsibility on
"working-level™ management level -- i.,e., Materials Laboratory
Director. Few if any organizational interfaces were involved and
the entire translation process fell uncer the responsibility of
one group.

The ccaviction, enthusiasm, perspective, and personality of a
eingle man (Director of the Materials Lab of IMSC) permeates the
Lockalloy story. Because of his managerial position and his "cou-
pling" role, he was the prime mcver in the Lockheed development.

Stetus of Lockalloy as of 1966
Potential usage areas have been found in spacecraft structures; specifi-

cally in cylindrical skins supporting compression lmds, solar panels, instru-
sent mounting platforms, and substructure subjected to compression loads.

The potential usefulness of this new mate-ial is very well demonstrseted
in a NASA funded contract (NAS 8-11298) which shows that the instrument stage
for the Saturn V vehicle presently designed as an aluminum sandwich structure
weighing 250 1b. can be replaced by a Lookalloy (62% Be-38% Al) skin and
stringer construction weighing only 98 1b. at a savings of $34,000 per launch.

Government support in the form of evaluation aontracts (NASA: NAS 8-11448
and NAS 8-11298) was particularly valuable in characterising the material and
emphasizing to structural designers the potentially useful areas for the new

naterial.

The AFRTD Materials laboratory is currently bidding a contract to develop
shaped extrusion technology to fulfill the needs of the aerospace industry.
Such financial support is essentisl to the development of new products having
primary utility in areas predominantly govermmentally controlled or defense

oriented,
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Appendix I
to
Case History
of )
The Development of Lockalloy

THE _LMSC RESEARCH LABORATORJES #

The Lockheed Missiles & Space Company is dedicated to continuing its role
within the aecrospace industry as a major contributor to military and civilian
progrsms requiring outstanding performsnce. Research and desvelopment in the
aerospuce industry demands broad scientific capability and a flexible inte-
gration of engineering skills for the conception, design, and creation of
spacecraft and ﬂssile systems.

The role and objectives of the Research Laboratories within the context
of total compeny activities are set forth in the following official statement:

The misuion of Research is to provide IMSC with a troad scientific
capability in the physical and 1life sciences relevant to missile
syatem2, cpace systems, and related products which will first provide
the basis for future business for LMSC and second ensure that ourrent
IMSC progrems have available a maximm scientific understanding of
applicable principles, phenomens, and analytical techniques.

ssearch includes approximately 700 people of whom about 550 are professional

scientists, Roughly half of this group is engaged in the company's Independent
Research Frogram while the remainder are supported by research study contracts
or research studies which are part of major LMSC programs. With respect to
Independent Research, Mr. Courtland Gross made the following statement in his
open letter of January 1962, on "The Year Ahead":

We plan to strengthen our research effort during 1962 and the years

following. Research ability, essential to technical strength and

future growth, is also an important factor in winning new contracts.

We cannot afford to neglect it. I belisve it may be desirsble to increase

our total research expenditures by as much as 15% a year during the next

few years. This may not be easy, but we are prepared to & larger
share of the earnings dollar to achieve this end.

*Organisation charts as of 1965
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It is the policy in Research to actively encourage open publication of worth-
while results in the belief that evaluation by professional peers not only
provides a sound method for appraising research but also serves as a stimulus

for individual scientific accomplishments upon which the reputation of the

Laboratories is collectively built.

At ILMSC a central portion of the research and development capability has
been placed under the Director of Research and Engineering. Reporting to
him, the Director of Research manages four Research Laboratories. The study
of fundamental scientific principles and their application to technology is
carried out under these four Lzboratory Directorates, representing the phkysical
sciences, mechanical and mathematlical sciences, materials sciences, and
electronic sciences. Basic and applied research, invention, scientific
innovation, and communication of this knowiedge toc the rest of the Company

constitute basic objectives of the LMSC Research Labtoratoriec.

The Director of Research and Engineering and the Director of Research are
responsible for establishment and review of oversll objectives for the
laboratories, consistent with the Company's gnals. The Laboratory Directors
are responsible for all aspects of the management of the laboratories, inelud-
ing the planning of research programs: organization of the work to be
performed; control of budgets, facllities, and equipment; and review of

accomplishmen:s.

Scientists in each laboratory are designated Members of the Research
Laboratory. In addi%icn, certain outstanding individuals are designated
Senior Members; these are chosen on the basis of their professional standing
as evidenced by publications, experience in program direction, activities in
professional societies, work on scientific committees, education, and expe-
rience. Senior Members participate in selecting research projects in their
fields of specialization, choosing the staff necessary to perform the work,
and assuring that high standards are maintained. To the maximum extent
possible, nontechnical aspects of administration are delegated to the acdminis-
trative staff so0 as to permit Members of the Taboratories to concentrate on
the techrnical aspects of their work. Maximum flexibility is possible, since
no external controls on the size of groups or the detells of working relation-

ships are established,
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The chart opposite illustrates the short channel of commun::sation
between the laboratories and LMSC management and indicates the close
interrelationship between Research and Engineering direction. Senior
Members in each laboratory are listed, along with a description of their
principal field of interest. Although each laboratory strives to have
at least one Senior Member for a scientific field in which substantial
activity exists, this is aot always feasible. The scope of research
interests are, therefore, better understood by referring to later sections
which describe the current efforts within the four laboratories.,

In addition to their responsibilities for conducting research, the
Senior Members of the laboratories are called upon from time to time to
serve as advisors to the Director of Research and Engineering, the Director
of Research, or the IMSC Planning Staff. Persons on the Director's staff
whose work is closely associated with research are, in addition, designated
Members of the Laboratories. All Members of the Laboratories are expected
to maintain appropriate communications with the Enginsering organisation
and with the other divisions of the Company in accordance with the overall
objectives of research at IMSC,

The work currently being conducted in the four Research Laboratories
is described in the four sub-sections which follow. While the nature of
the research activities requires frequent collaboration in many problea
areas, each Laborstory is responsible for a particular ares of inwvestigation:

*  Physical Sciences laboratory - Intersction of radiation with matter
*  Mechanical & Mathematical Sciences Laboratory - Flight

*  Materials Soiences Laboretory - Materials and energy

« Electronic Sciences laboratery - Information and communication

As a result of technical requirements for isclation, IMSC has located
its Antenna Laboratory on the fringes of San Francisco Bay, a short distance
from the Sunnyvale plant. Researoh on eloctromegnetic propagation and antenna
systems 1is carried out there in conjunotion with enginesring design and
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fabrication. Similarly, research involving hazardous quantities of
chemicals and high-pressure fluids is conducted at the Santa Cruz
Laboratories of the Engineering Organization, located high in the
Santa Cruz Mountains.
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Analysis of
Case History
of
The Development of Lockalloy

ON OF ARCH- 0

Implications of work on composite Bo alloys made by rapid soclidifi-
cation techniques (AVCO) or liquid phase sintering (Armour Research
Foundation) focused attention on concept of composite approaches to
achieve ductile Be alloys. Both of these findings were consequences
of research programs to satisfy identified materials problems.
Demonstration of concept was an outgrowth of an extensive background
of national research effort on deformation and fracture behavior of
polyphase alloy systems.

Recognition by Lockheed research people of potential applicability of
concept for fulfilling particular class of aerospace structural materials
needs with a particular alloy systemj close interaction of materials
research and structural design people at Lockheud provided basis for
recognition of strong internal need for higher modulus material wi..
sufficient ductility for fabricaticn and serviceability as a consequence
of difficulties encountered in testing unalloyed beryllium structures.

Crash 7 “ogrem vith Lockheed funding for feasibility demomstration of
practical p~ooess for making ductile Be-Al ocmposite alloys. Again
engineering requiremsats provided guide limes for metallurgical analyses
in terms of composition and microstructurel optimisation and in terms
of methods of preparation of alloy. '

Determination of detailed property data and satisfactory technijues for
foraing, joining, etc. Again olose iatersstion between research and
engineering persoune) rromctad feedback for optimisation of alloy and
processing techniques to maximise oombination of properties.

Pilot plant process development inoluding alloy optimisation, metallurgicel

control, and reduction of process costs. Continued interaction of research

and process development personnel ocourred.
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STAGES AT WHICH REIs OCCURRED

Scientific Finding (knowledge)
New Material Recognition
Useful Material Creat. .
Foaaibili:by of Material Use in Hardware
Use of Hardware in System
Production of Product (system)

Operation of Product (system)



FACTORS

REIls

Total

N

[ T N W)

High educational level (advanced degree) of
principal investigator ~

Importance of management

Importance of Govermment-sponsored research
Importance of recognized need

Requirement of flexibility to change direction
during work and local control of funds (easily
available resources)

Industrial laboratory involved

Basic research in the laboratory (for inst. or

org.)

Communications across organisations was
Livortant

Technical problem was the principal obstasle
Importarce of a "shampion® ” P
Freedom for individuals -
Broad speotrum of types of laboratories
Geograp.iec pro:dﬂty

Prior experience with innovation
Organizational structure (barriers and bonds)

3/5

)' &/5

3/5
5/5

4/5
5/5

5/5
5/5
3/5
3/5
3/5

1/5
3/5
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SUMARY ANALYSIS

Althougi Lockalloy is not yet established as a full-fledged member of
the class of structural materials and is not yet in volume applicatiom, it
represents an interesting case study with respect to the factors and climate
motivating the transition from research into development. No direct link
with a basic research phase emerges, but it is true, nonetheless, that the
background of research on fundamental metallurgical principles, trittleness
of beryllium and deformation and fracture of multiphase materials are some of
the stepping stones of its development. v

Several factors stand out as being key features of significance:

1.

2.

3.

There existed a clear and recognized materials need (Factor 4) —
both generic with respect to improvement of the trittleness of
beryllium and specific with respect to particular high modulus-

low density structursl materials requirements of asrospace wvehicles.
This factor underlay all of the Research-Engineering interactions
and particularly the acquisition of the initiating Imowledge and
the recognition of the applicabllity of the comcept to solving a
particular material need. -

Factor 5 «= flexibility of work direction and of use of a financisl
resource appeared to be valuable instruments in promoting the
transition in a minimum of time. The flexible use of internal
funds, partiocularly in stages b and ¢ were oritical events.

The role of a technical manager as both a "coupler" and "champion"
is ideally illustrated == in point of fact, the coupler wvas the
prine mover. Few, if any, organisational interfaces existed and
the entire translation process fell within the responsibility of
one laboratory. Thus, Factors 2, 10 and 15 jointly emerge as
important features. -
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Timing as a factor was important — the availability of knowledge
and resources at a given time in techn: '. ;ical terms s; irred the
development. While the need did not change, later material
development would not result in a similar transition sequence
today.

The role of government supported research (Factor 3) is self-
evident and is to be expected with a material development that
is primarily oriented toward military and aerospace vehicle
applications. ’

The key event was the recognition by the "eoupler" of an urgent
materials need and the conceptusl implications of available
technical informstion. Thus communication exchange (Factor 8)
was a critical factor in stages a and b, Effective communication
exchange was also important in Lockheed among the research staff,
designers and systems engineers in establishing the need factor
and the use requirement, which carried through stage c, d and o,



C-1

A CASE HISTORY
or
i THE DEVELOPMENT OF POLYSULFIDE POLYMERS

Prepared by
E. M. Pettes

NARRATIVE

ANALYSIS

Titles of Sub-cases. . . . . ¢+ ¢ ¢ ¢ o o ¢ « o o
Description of Research-Engineering Interactiom,
Stages at Which REI's Occurvred . .« « « « ¢ ¢ « &
ho{ucncy of Factors Considered ian REIs, . . . .
Camary Analysis . . ¢ ¢ 0 s 0 6 s 0 e 6 6 0 0o

o 9 o o 6 6 0 0 6 s 8 s 0 0 0 s s s 0 8

Page
.C~3

. c-11
. c-11
c-12
, C=13
. G-15
. C-16



A CASE HISTORY
OoF .
THE DEVELOPMENT OF POLYSULFIDE POLYMERS

NARRATIVE

The founding of the Thiokol Chemical Co. was a direct result of the dis-
covery of polysulfide polymers and their potential as synthetic rubbers. The
spectacular growth of the company, from under one million dollatq in annual
sales in 1942 to 255 million dollars in 1962, was caused by the ;iscovery of
liquid polymers and their subsequent usefulness in such varied applications
4+ sealing compounds and binders for composite solid propellants for rockets.

A discovery or innovation which can cause such a growth must necessarily
be significant. The text which follows dc:;ribes the history of polysulfide
polymers and attempts to analyze the factors pertinent to the progress of the
development in terms of interactions between science and technology.

In 1926, Joseph C. Patrick, an N.D. turned chemist, was a partner in an
independent chemical laboratory in Kansas City, Mo. Dr. Patrick was investi-
gating the hydrolysis of ethylene dichloride to ethylene glycol in an attempt
to find a practical commercial process. The utility of ethyleme glycol for
an antifreesze component in radiaturs for the fast growing automoblle lnduntry_
vas known. Uniomn Carbide was producing ethylene glycol made from esthylene
oxide and marketing under the tradenams Prestone. Ethylene was available
which could be chlorinated to ethylene dichloride. Patrick felt that an ~ffi-
cient method of hydrolysing tue chlorine to hydroxyl would give s cheaper
method of manufacture of ethyleme glycol.

The hydrolysis of organic chlorides by common alkaline msterials such as
sodium or calcium hydroxide usually proceeds rapidly and well. With ethylene
dichloride this was not true. The reaction was very slow and the yield of

product low. From his background with Armour and the dehairing of hides,



Dr: Patrick decided to try adding sulfur to the hydroxide. The experiment
was unsuccessful in producing ethylene glycol; instead, a gummy odorous solid
resulted, He became interested in thisz unexpected result and, abandoning the

~ original objective, followed investigation of the elastic solid. He and his

Lo smes

partner applied .for patents and a British patent (Z’c) i.ssuod first in 1927.
Patrick found local financial backing and the Thiokol Corp. | (later changed to
Thiokol Chemical Corp.) was founded in 1929 in Kansas City, Missouri.

To digress briefly from history to an assessment, the original discovery
was unquestionably accidental. No one in the 1920's would have deliberately
selected the reaction between ethylene dichloride and sodium tetrasulfide as
& route to a synthetic rubber. The requiremsuts in chemical structure for
rubbery behavior in polymers were completely unknown. In fact, the concept
of polymers as organic molecules of high wolecular weight was just beginning
to emerge. The pioneering work in the United States of W. H. Carothers had
not yet even begun. The work dby H, Stauvdinger in Europe had certainly started
to show the nature of polypn ia a prelimiasry way. It is extremely doubtful
that Dz, J. C, Patrick was familiar with, or even had ready access to these
foreign publications.

There is evidence in the literature that other investigators had found
the same chemical reaction to occur as did Patrick. The main difference was
that none of the others observed or believed important the elastomeric char-
acteristics of the product.  Any chemist would have realized that the objective
of making ethylene glycol by this reaction had been wuccoutui;prob.i:ly fow
chemists would have realized that their apparent failure had led to a signifi-
cant discovery. Patrick not only realized this, but devoted the rest of his

active scientific life to following up his accidental discovery.



The new synthetic rubber was deficient in physical properties compared
to hevea rubber, more expensive, and malodorous. It did have g;;téhgdgnggy
resistance to attack by light, oxygen, and organic solvents. The sroductiom
was started in 1930 in which yeuar the company moved to the vicinity of Trentom,
N New Jersey. It was soon realized that Thiokol rubber would never be a sub-
stitute for natural rubber, but did offer promise for applications wher;
resistance to gasoline, oil, and solvents was necessary. The years from 1931
to 1941 were spent in improving the process for manufacture and the physical
properties of the elastomers. A process for polymerization as a fine suspen-
sion was found. This "latex" was found to be useful in itself for coating
storage tanks for aviation fuel. When coagulated with acid, the latex gave
the solid rubber.

Dr. Patrick continued.his research on the preparation, structure and
properties of the polysulfide polymars, He investigated othsr orgamic di-
halides, various polysulfides, and methods of formulating aand vulcaniszing.
The scieritific account of this work was presented (2) in London in 1935 at
the first international meetimg ever held on the subject of polymerization.
One of the mein results from this study vas am improvement inm the odor of the
rubber, which vas achieved by replacing ethylene dichloride in whole or in
part with bis(2-chloroethyl) formsl.

In 1940 when World War II commenced, Thiokol was still very small with
less than 35 employees and annual sales under $3500,000 a year. The products
were essentlally unchanged; the original elastomer (Thiokol Type A) and two
modifications (Type FA and 8), as well as two aqueous dispersions (MX snd MF).

The synthetic rubbers were used only in specialty applications where out-



o e R IR e v )

standing resistance to solvents was needed ~ chiefly paint spray-hose, priat=-
ing rolls and blankets, and gaskets. The odor of the product and the physical
properties of the elastomers had been lqro;ed to a tolerable level except fér
resistance to coq»reu'ion set. This so-called cold flow occurred when the
rubber was kept deformed at elevated temperatures and presented a serious dis-
advantage for many uses of the rubber.

Mr. Harry R. FPerguson, a chenmical engineer from MIT, with an extensive
background in the rubber industry, was at that time in charge of productionm,
enginﬁr!ng. and development of new products. He was keenly aware of the
deficiency of the polysulfide elastrmers in poor compression set and believed
that the usage of the products could be greatly expanded if this handicap
were removed.

Enough of the nature and characteristics of polymecs was then known for
it to be assumed that the poor resistance to a permanent stress was due to
the lack of formstion of a three dimensional network during the vulcanization
vith zinc oxide. It had already been found that introduction of tri- and
tetrafunctionsl halides into the polymerisation would produce s network struc-
ture, but crossliaked rubbers were much too tough to be hendled on rubber
millse,

Harry Ferguson conceived the idea of making the crosslinked network in
the polymerisation. By then reducing the molecular weight sufficiently by
cleaving the chain, he hoped to achieve processability and then reform the
original network during vulcanization. He had his staff investigate acidic
cleavage of the formal linkage to produce terminal hydroxyl. This was succesa-

ful but coupling of the hydroxyl groups could not be achieved. In a discussion




with Dr. Patrick, Ferguson asked him if it would be feasible to reduce the
disulfide linkages to terminal thiol groups. Such terminals should be

readily reformable. Patrick became interested in the possibility and assigned
one of his staff to the project.

Although Joseph C. Patrick was a vice-president and the Director of
Research of Thiokol, he devoted all of his time and thinking to research in
this area. He was a creative inventor, preferring to work im the laboratory
himself with only a few professional assistants. He would work only on
problems which interested him and had no liking for organizing and plamming
for a large staff to support all of the technical areas of interest to the
company. He had no interest in technical service to customers, attending
technical meetings, writing or encouraging writing of techmical articles.

He was keenly interested in having his research covered by pateats. Actually,
a significant amount of research was carried out in the development depart-
ment under Ferguson due to the disimclimatiom of Dr. Patrick to pursue projects
not of his owa selection.-

The research staff comsisted of two Fh.D. chemists, ome B.§S. chemical
engineer snd one technician. The clemieal enmglacer (B. M. Pettes) was assigned
to follow up the progrem developed by Patrick and Pergusom. The problea vas
solved fairly easily snd a process develeped by vhich am aqueous suspension
of crossliaked polymsr was treated with fascgenic reducing ageats to form a
soft millable crude rubber. |

Ferguson thea comceived the thought of cleaving even further the cross-
linked elastomer to a sufficiently low molecular weight that it would be a
liquid. At s meeting of the Board of Directors, he asked FPrank Stoner,




Technical personnel at the Jzt Propulsion Laboratory, run by California
Institute of Tcchnology, had heard of the liguid rubber, They thought it might
be useful as a polymeric binder for composite rocket propellants, The asphalt
then used as a binder was prone to cracking at low temperatures and slumping
at high temperatures, Use of a liquid curable rubber 2s a binder alleviated this
problem, It also allowed the elimination of insertion inio the rocket case of
cartridges containing propellant in favor of direct pouring of the liquid rubber
into the case, This case-bonded propellant resulted in improved impulse,

The succese of JPL in the development of polysulfide propellants with the
advantages of wide temperature range and greater impulse did not result ;uto-
matically in its usage. Aerojet was the only company producing rocket motors
from composite propellants, They had some propellants of their own and had
no interest in utilizing this new composite, Mr,., Crosby, after months of per-
sistent attempts to persuade someone to carry on with this use for liquid poly-
sulfides, decided that the only route left was for Thiokol to enter the field of .
dcsign and construction of rocket motors. He obtained a smull government
contract in 1948 and entrusted H. R. Ferguson with the task of setting up a
rocket division., It was a large gamble for a small coropany with an historical
and technical backgro.nd solely in the area of epecialty poiymers, espzcially
since the emphasis in the space field was almost entirely on liquid-fueled rockets
rather than solid-;:aeled. The experiment wﬁn a success, The annual sales of the
rocket division went from nothing in 1948 to 77 million in ten years and 271 million

in fifteen years.
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ANALYSIS
OF
CASE HISTORY
OF
POLYSULFIDE POLYMERS

For the purpose cf analysis this case histcry has been divided into

sub-cases as shown below.

Sub-case Title
I Synthetic Rubber
II Liquid Polysulfide Polymers - Sealing Compounds

I1I Liquid Polysulfide Polymers ~ Composite Propellants



nEr

DESCRIPTION OF REIs

Description

Sub-cage I. Synthetic Rubber

Iavestigation of hydrolysis of ethylene dichloride aad selection of
sodium polysulfide.

Recognition that unexpected product formed had elastomeric prcperties

Sub-case II. Liquid Polysulfide Polymers - Sealing Compounds

Concept that the compression set of polysulfide elastomers could be

improved by crosslinkirg during polymerization and still maintain
suitable processability by chemical cleavage of the polymer chain,
Laboratory investigation of methods to cleave controllable poly-
meric polysulfides.

Recognition that a2 low polymer that could reform to the high polymer

was unique and should be a useful material.

Decision to look into the areas cf caulking and sealing compounds

for the liquid polymer.

Sub-case III. Liquid Polysulfide Pol

Poseibiiity of using liquid polysulfide elastomers as binders for
inorganic oxidizers to attain good physical zroperties at both low

and high temperatures.

Investigation of the characteristics of polysulfide/oxidizer systems

and deveioping suitable formulations.

Decision that polysulfide propellants would never succeed unless
Thiokol went {into the production of missiles and rockets.
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STAGES AT WHICH REIs OCCURRED

Sub-case Sub-case Sub-case

Stage* No. 1 11 II1

0

1 - a e A

2 b d h

3 c 8

4 f

5 i

6

* Stages were defined by the Committee for purposes of this study, as follows:

STAGES
No.. Definition ‘
0 Scientific finding (knowledge)
1 Recognition of new material (process) possibility - -
2 Creation of useful material (process) form
3 Feasidbility of using the mac.erial (process) in hardware
4 Possibility of using the hardware containing the material
in a system
5 Production of the system (product)

6 Operation of the system (product)



From the study of ali the cases, the Committee selected a number of the
more prominent factors whic' seemed to be operating with some frequemcy im
the identified REIs and listed them as follows:

List

of
Factors Considered in Analyzing Events of REls

1. High educational level (advanced degree) of principal investi-
gator

2. Importance of management
3. Importance of Government-sponsored research
4. Importance of recognized need

5. Requirement of flexibility to change direction during work
and local control of funds (easily available resources)

6. Industrial laboratory inwvelved

7. Basic research in the laboratory (or imstitutiom or organ-
isation) : _ /
i

8. Commmicatioms across uf.ntutbm was importaat
9. Tevlmical prodlem was the primcipel obstacle

10. Impertance of a "champion"

11. . Freedem for imdividuals

12. Broad spectrum of types of laberatories

13, Geographic proximity

14, Prior experiemee with inmovation

15. Organisation structure (barriers and bonds)
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FREQUENCY OF FACTORS IN REILs

(Statistical Analysis)

Sub-case I Sub-case il Sub-case III |
 Factor RELs - REI m : Total
No. b] Totals] ¢|] d| e] f£! Totals hi 1] Totals: Frequency
1 x 2/2 0/4 o/3 2/9
2 |x 1/2 x{ x| 2/4 x| 1/3 4/9
3 0/2 o/4 x 3/3 3/9
4 o/2 |=x /4 x 2/3 3/9
5 x| x| 2/2 x| x 2/4 x 1/3 5/9
6 |x|x| 2/2 x| x| x 3/4 0/3 5/9
7 0/2 0/4 0/3 0/9
8 o2 |x| x| x| x| 4/4 1/3 5/9
9 o/2 |x| x - 2/4 x 1/3 3/9
10 x| 1/2 |[x x| x| 3/4 x| x| 2/3 6/9
11 x /2 | x| 14 x 2/3 4/9
12 o/2 0/4 o/3 o/9
13 0/2 0/4 o/3 0/9
14 0o/2 |=x 1/4 0/3 1/9
15 0/2 0/4 e/3 0/9
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SUMMARY AMALYSIS

The importamce of the climate for teseafch. the company's attitude tovurdr
research and development, the structure of the company, and msny other fact.rs
which make up the typical case study are absent here. The three individuals
concerned, Patrick from Research (Sub-case I), Ferguson from Engineering and
Development (Std-case II), and Crosby (Sub-case III) were themselves officers
of the company and hence able to push projects without further management
approval.

The original discovery of the polysulfide rubber by Dr. J. C. Patrick
vas unquestionably accidental. No one in the 1920's would have deliberately
selected the reaction between ethylene dichloride and sodium tetrasulfide as
a route to a synthetic rubber. The requirement: 'n chemical structure for
rubbery behavior in polymers were completely umknowa. In fact, the concept
of polymers as organic molecules of high wolecular weight was just beginning
to emerge. '

There is evidence ia ;he literature that other lavestigators had fouud
the same chemical reactiom to occur as did Patrick. The main difference was
that aone of the others cbserved or believed importamt the elastomeric
characteristics of the preduct. Any chewist would have realized that the
objective of makiag ethyleme glycol by this reaction had been unsuccessful;
probably few chemists would have realized that their apparent failure had led
to & significant discovery. Ascidemtal discoveries such as this are difficult
to analyze in that ouly the successes become known. In the discovery of the
polysulfide syntheric rubber and its subsequent evolution, Dr. Patrick was

clearly the champion, In fact his whole scientific interest was in polysulfid
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rubbers and then also the liquid rubbers. He was actually opposed to the
later expansion of the company into other chemicals and into the field of
rockets.

In the invention and subsequent search for uses for the liquid poly-
sulfides, Ferguson vas unquestionably the champion. Although the initial
work on the prmratii}u of the liquid polymers was carried out in Research
under Pairick, Ferguson throughout the subsequent yesrs pushed the project,
not only in his Development Departmemt, but also in Research and Techaical
Service vhich were not under his jurisdiction.

The decision to put Thiokol into the field of rocket motors as the
only hope of furthering the progress of polysulfide propellants csumot be
discussed as a typical business decision by management. It was an iatrepid
adventure. Thiokol had no mechanical aptitude, mot even one mechanicsl
engineer. It had practically no experience with goverameat contracts and
no site suitable for this type of operatiom. The growth of rockets and
aissiles that occurred sines 1948 could havdly have deen regarded them as
a certaiaty,

Crosby had faith ia the merits of polysulfide propellemts and {f Thiokol
h“.:o 80 into the busimess Ce prove it, po imte it they would. The decision
vas the major one ia the grewth of the eompany frem about 100 employess and
ssnusl seles of about 1 millien 1n 1948 to sbout 9000 employses and sales of
271 willion in 1963. It wes the decision by Crosby that bridged the gep from
the scientific and techmolugics]l scesuplishmemts of JPL to the finmal rocket

motor.
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Preface

The following survey is a brief history of the develrpment of
silicons materials. Almost from the awekening of imterest in the element
silicon, its organic chemistry has been a focus of atteation. Therefore,
the survey must include some account of this early work. Even though we
necessarily rely on earlier judgments for our knowledge of early research
workers, we can still hope to attain imsight into their personalities
and motivations.

The material for the receat bistory (1930 to present) wes obtaimed
through conversations with Dr. X. L. Warrick and Dr. Johm Speier, whose
cooperation and that of the Dow-Corning Corporation is gratefully
acknovledged. Dr. R. R. McGregor, who for many years served as Head
of the Dow-Corning Fellowship at Mellon Institute, died om April 8, 1965.
His book, $ilicones and Their M.(l) vas most helpful in the prepara-
tion of this case history.

The limitations of our treatmeat, which will be appareat to the
reader, are cited explicitly in the last section, the Swmmery Analysis.
The limitations must be attributed to the authors, imexperienced in
documentary histories aod limited in time to devote to this assigament,
rather than to the members of ths Dow-Cormiag Corporation, who gave
generously of their time ia recalling the excitiag eveats coveriag
nesrly thirty years

e e M.-.ﬁ,»r.ﬁ'mma



Case History of the Development of Siliconmes

Narrative

'Inttodmtlon

Liberally dispersed throughout the bistory of science one finds
conjunctions of persons and events, that by chance, or by some logicel
consequence, Spur outstanding discoveries. A careful chromological
study of the discovery and subsequent practical spplication of a
particular product may well yield valuable informstion regarding the
factois contributing to its development and one might
hope thereby to discern the outlines of some features common to all
creative advances. The history of the development of silicones is ca
excellent example of such a product. The use of silicone products is
commonplace in everyday life; yet esilicones -- the generic name for
high molecular weight organosilicon compounds ~-- do mot exist im nature.
The specific molecular structures and products are the rewards of much
painstaking thought and investigation, by sciestists and techme!ogists
who possessed in common at least one outstendimg quality -- iasatiuble
curiosity. ‘
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Crafts returned to the United States to become the Head of the
Department of Chemistry at Cornell University and later the President
of the ﬁassachusetts Institute of Technology. Friedel maintained his
interest in silicon, primarily because he was a mineralogist, and he
was later joined in his work by the German chemist Ladenburg. Their
interests, however, centered on learning more about the chemistry of
silicon itself. If the preparation of compounds containing carbon
could shed any light on this, they would attempt to prepare them, but
otherwise it appears the& were not particularly interested. This
attitude was indeed unfortunate when one considers that at this point
they were on the threshcld of a silicone industry. Friedel and Ladenburg,
however, did make many significant contributions to silicom chemistry,
many of which remain basic to the modern technology. It is interesting
to note that their last 3joint publication was in 1871, a year after the
beginning of the Franco-Prussiar, War. Friedel, the Frenchman, and
Ladenburg, the German, held conflictiiig politicel and religious views.
For these reasons, iadenburg returned to Germany; and thereafter Friedel
maintained little more than a passive intarest in organosilicon chemistry.
One should observe, however, that in the twelve-year period that FPriedel
collabcrated with both Crafts and Ladenburg, the foundations for modern
silicone technology were laid. McGregor concludes 'that in the silicon
work with both Crafts and Ladenburg, Friedel must have been the activating
force, or the catalyst, because of his interest in mineralogy ... While
one would guess that Crafts and Ladenburg did most of the actual work
on synthesie, neither of them would have continued with such zeal had
it not beer tor the urging and encouragement of Friedel."



He further proceeded to replace the halogens with methyl groups and,
on subsequent treatment with aqueous alkali, obtained an oily product
similar to one which Ladenburg had observed many years before,
(CZHS)ZSi(OCZHS)Z' Concerning this compound and the work of Stock,
McGregor points out, "Again modern silicone preparation had been
anticipated, but in such a hazy fashion that only a prophet of the
first order could have been expected to see what the future had in

store."

In contrast to the inquisitiveness and curiosity of these early
experimenters, it should be noted in passing that a team of workers,
Schlenk, Renning, and Racky, at the Royal Academy of Science in Munich,

(3)

in a publication dated 1911, investigated whether it was possible

to prepare the triphenylsilane, (C6H5)3Siﬂ, which would be analogous to
the free radical triphenylmethyl. They answered the question in the
negative and then let the whole subject drop without ever asking

the obvious question <-- why? 1In addition, in the 1930's

several Russian investigators published a number of papers, sensing
that there might be some industrial value in the various types of
resinous compounds that could be prepared through the use of organo-
silicon intermediates. Even though they were able to show that several
of these compounds were remarkably heat stable, they could convince

no one of their velue. In view of the very encouraging results, the

question arises as to why these workers were not more energetically
supportead.

In the period 1900 to 1940, while various investigations on the
chemistry of siiicon and organosilicon compounds were being carried
on there appeared one man who apparently resolved to unravel the
properties common to both carbon and silicon. He was Professor F. S.
Kipping of the University of Nottingham. McGregor gives a brief
description of Kipping as follows: "In the period from 1899 to 1944
he published 54 papers on this sibject. As may be surmised from his

long period of intensive work, he was one in whom the British tenacity
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of purpose was evident to a superlative degree. He had one end in view
and refused to be diverted from his target. He was confronted with
problems which were difficult to resolve, and at times his products trans-
formed themselves into unidentifiable oils and glues which, with typical
British undgrstatement, he frequently described as 'uninviting".

He was uncomprisingly interested in the chemistry of compounds containing
silicon, and even in his later years, when shown some of the first
»commercial silicones, he could scarcely bring himself to take more than

a passive interes: in them."”

The "uninviting" oils and glues that Kipping observed and later
investigated turned out to be som2 of the forerunners >f today's silicone
compounds. Kipping demcnstrated that many of these products were large
moliecules formed by the union of a number of small molecules. He
showed that the result of the bimolecular reaction

| | ! i :
-?iOH + HO?i- —»-Sﬁ-o-%i- + H,0

2
is elimination of water and formation of a chemical bond uniting two

silicone chains and further that the reaction

| |
=S5i(0H), - 5i=0 + H,0
: I o

does not occur. The last observation, showing that no two groups on the
same silicon chain react with one another, is basic to organosilicon
compounds; but this fact became clear only after long investigation.

The werk of Kipping and others paved the way_fcf further studies
on the chemistry of organosilicon compounds. It should be noted, however,
that apparently no interest or specific effort was directed toward pre-
paring high molecular weight organosilicon materials. As we shall ‘
observe, the commercial development cf silicones would at least have
been severely hampered, and would perhapsvhave been impoasible, without
‘additional knowledge in an entirely distiuct field -- that of high

polymers.



Development of Polymer Chemistry and the Organic Polymer Industry

Even though a considerable amount of work had been performed
fn the area of organosilicon chemistry prior to 1940, very little
attention had been paid to the "uninviting" oils and glues that Kipping
had observed. Fortunately, however, during the long period over which
the chemistry of silicon was being investigated, other chemists were
studying various other oils, glues, and rubber-like materials. Pickle
suggested, in 1910, that rubber was composed of eight-unit rings and
termed these structures "polymers." Staudinger,who was studying natural
products in Zurich in 1920, conceived the idea of macromolecules, or
giant chain molecules held together by the normal covalent bonds long
familiar ir organic chemistry. He found that the properties of these
macromolecules were not simply the summation of the properties of the
individual units, but that the macromolecular architecture itself
resulted in distinctive physical properties. These new macromolecules

were termed "high polymers." While Staudinger was pursuing his work
in Switzerland, similar studies were being carried on at the duPont
Company laboratories by W. H. Carothers. Carothers, a brilliant
experimentalist and penetrating thinker, was studying the principles
underlying the preparation of various classes of high polymers. After
thirty years, his classic work is still the basis for much of the

synthetic aspect of contemporary polymer scienceand technology.

‘‘he werk of Staudinger, Corothers and others, established the
facts that macromolecular materials could be produced through reactions
uniting smell moiecules into long chains through normal organic chemical
procedures employing, generally, bifunctional instead of monofunctional
species, and further that the specific important propertfes of such
macromolecular materials as rubbers, fibers, oils, plastics, etc.,
depend both on the nature of the repeating chemical unit and the length
of the molecular chain. These {deas led predictably and directly to
the rapid profusion of a host of new synthetic organic polymers and
the well known growth of the polymer industry. The period of the
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thirties and forties was thus an exciting revolutionary time, of rapid
development , both of knowledge in polymer science and of the industry
born from this new specialized branch of chemistry. Synthetic substitutes
for many natural products (nylon for silk, ncoprene for rubber, plastics,
adhesives and glazing, etc.) with new and tailor-made properties

created an era of excitement and progress which continues to our own

day.

Sub-Case I: Silicone Polymers for Heat Resistant Resins (Corning
Glass Works). Needless to say, the advance of polymer chemistry

during the 1920's and 30's set the stage for the inevitable joining

of this science with organosilicon chemistry. Glass manufacturers seeing
the new organic polymers and realizing their own product to be an
inorganic polymer, became interestad in the possibility of a hybrid
polymer, part organic and part inorganic, combining the rubber-like
flexibility of one with the thermal stability of the other.

The Director of Research for Corning Glass Works at Corning, N. Y.,

Dr. E. C, Sullivan, engaged Dr. J. F. Hyde, an organic chemist, to
investigate this area. In a short time, Hyde was successful in pfe-
paring high polymers containing both organic and inorganic constituents.
Soon thereafter there occurred a coincidence that determined the future
course of activity. McGregor describes it as follows:

“The Corning Glass Works had just begun the develop-
ment of glass fibers and was on the lookout for appropriate
markets. One of the most promising outlets for this pro-
duct appeared to be as & woven tape for use in electrical
insulation. Cotton, impregnated with a resinous dielectric,
had been used; but it would char at elevated temperature.
This difficulty could be overcome by the use of glass tape
in place of the cotton, but it was found that the resin
impregnant would stand only slightly more heat than the
cotton would. Thus there was but little advantage ip
using the glass. To realize the full value of the glass
tape there was needed a resincus dielectric that was con-
siderably more hear stable than the organic materials
in common use.
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""Hyde was able to point out that the organosilicon
compounds he had been developing could be made in resinous
form and that certain types werz unusually heat stable.
The work then turned toward resinous compounds that
would be of use as a heat-stable dielectric in tapes
mede of glass fiber.

"...the [resulting] products were shown to officials of
the General Electric Company in the hope that glass-
fiber tapes would bé recognized as the basis of high-
temperature insulation. This approach to high-tempera-
ture electrical insulation was recognized as funda-
mentally correct, and the study of these organosilicon
insulating resins was then taken up in the General
Electric laboratories, as well, under the capable
guidance of Dr. E. G. Rochow and Dr. W. I. Patnode."

Sub-Case II. High Temperature Lubricants and Dielectricsg (Mellon
Institute and Dow Corning). The Corning Glass Works, realizing the

potential which these new organcsilicon products held, undertook
intensifiad studies in this area at its Fellowship in Mellon Institute,
Pittsburgh, Pa. These studies were simed not only at the production
of insulating resins but also at a general survey of the chemistry

of the materials and the engineering required for their production.

Inasmuch as the research at Mellon Institute on organosilicon
compounds plays a significant role in the development of this technology,
it is desirable at this point to review briefly the history of the
Institute and the founding of the Corning Glass Fellowship.

Mellon Institute was founded in 1913 by Andrew W. Mellon and
Richsrd B. Mellon. The Mellon brothers were attracted by the idea
of industrially sponsored research fellowships, which had been originated
by Dr. Robert Kennedy Duncan of the University of Kansas. It was in
1906, while attending the Sixth International Cougress of Applied
Chemistry in Rome, that Duncan had formed a conviction that the resources
and methods of physical sciénce should be appliad to the problems of

American industry. In the following year, Duncan succeeded in finding
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a sponsor for the first Industrial Fellowship at the University of Kansas
In 1911 he was persuaded by the Mellons to come to Pittsburgh and, after
a successful trial of his fellowship system at the University of Pittsbur
Mellon Institute was established under Dr. Duncan's supervision. During
the ensuing half century, the Institute has been successful in

fulfilling the original goals of Robert Kennedy Duncan.

In the early 1930's one of the industrially sponsored fellowships
at the Institute was spmsored by the Macbeth-Evans Glass Company. The
personnel consisted of Dr. R. R. McGregor and Dr. E. L. Warrick, whose
interests centered around varicus glass systems, such as opal glasses
containing crystallites. Typically, the goals and research objectives
of the Fellowship under the direction of Dr.H. Blau, Research Director
at Macbeth-Evans, were not very specific. According to Warrick, their
commission was, "Do anything that looks interesting and which seems
likely significant." This general research strategy was continued on
the Fellowship after the Macbeth-Evans Company was acquired by Corning
Glass Works in the middle 1930's. One of the research problems then unde:
examination was the development of an adhesive for glass blocks. The
adhesive used up to that time was an organic material, but it
was not satisfactory for this application. In the course of this in-
vestigation approximately 100 Jifferent orginic adhesives were tried --
aone successfully. Ethyl silicate was suggested as a possible adhesive
by a member of another fellowship, who had been using this material in
his studies. After some investigation into the prcperties of ethyl

silicate, it was found that a partially hydrolyzed form of this compound
worked rather well, having considerably better adhesion than any of the
organic compounds yet tried. With respect to the approach to this par-
ticular problem, Dr. Warrick mentions that "The atmosphere at Mellon
Inatitute was such that you could walk into any laboratory and talk
freely with other members of the staff, and as a result there was a

senge of freedow and a complets dissemination of informetion,"




Even though ethyl silicate was a good adhesive for the glass blocks,
it was obseryed that after a short exposure to the atmosphere, it tended
to hydrolyze. Inasmuch as this compound did show promise, however,
Warrick decided to investigate other organosilicon compounds as adhesives.
Although the interest of Corning Glass Works at that time was primarily
in the fieid of inorganic chemistry, their attitude toward the organo-
silicon work was very free and the personnel of the Fellowship were per-
mitted to choose any direction for their research. As mentioned earlier,
Corning was interésted in the intermediate field between plastics and
glass and, concurrent with the interest at Mellon Institute in ethyl
silicate as an adhesive for glass blocks, Corning had hired Dr. James
Hyde who, by 1933, was working on the problem of finding a high tempera-
ture resinous material for glass tape. Hyde's work was specifically
directed toward investigations on the aromatic organosilicon compounds,
while the work generated through the adhesive problem at Mellon Institute

was directed toward the aliphatic organosilicoa compounds.

A major event in the course of the investigation of the hydrolysis
of ethyl silicate was the uncovering by McGregor and Wartrick of
extensive literature on organosiiicon compounds, including especially the work
of Kipping. Aided and stimulated by this well of knowledge on organo- .
silicone chemistry and interested in producing new useful materials,
they were led to prepare many organosilicon compounds and derivatives
of ethyl silicate. Dr. Warrick pointed out that the direction of
investigation was at all times internally generated and that Dr. McGregor,
who at that time was the Head of the Fellowship, created an atmosphere
conducive to-good exploratory research. He was willing to talk
at any time to the staff about the problems on which they were
working, but he never told them what ccurse this research should
take. In late 1939 and early 1940, from investigations cf the aliphatic
silicates, it was noticed that many of the reaction products were high
viscosity fluids with temperature-viscosity relations radically different
from that of common hydrocarbon lubricating oil. (On heating, the
viscosity did not decrease as rapidly as in the hydrocarbon lubricating
0il.) In addition, it was noticed that these materials were




extremely inert to attack by oxygen. Dr. McGregor, realizing the
potential of these materials as oxidation resistant lubricants, mentioned
them to a personal friend -- an employee of the Mine Safety Appliances
Company -- at a meeting of the Pittsburgh Chemists' Club. By coincidence,
Mine Safety Appliances was looking for just such a material for applica-
tion in oxygen pumping systems. Some of the organosilicon materials

were tried, and it was found that they served extremely well in this
application. Up to this point, all the work in the area of organo~
silicon compounds was guided simply by observation and by the basic
curiosity of the investigators. After the successfu? application of

the (uidation resistant lubricants, Warrick felt that he ought to

pursue some fundamental work on the oxidation stability of these

materials.

In 1940, at the encouragement of Dr. McGregor, a pilot plant
was established at Mellon Institute to manufacture small quantities of
these various silicone fluids. Dr. John Speier, who joined the Fellow-

ship in 1943, points out that Dr. McGregor was '

'quite a salesman' and
that without this element of salesmanship many of the advances which
were made during this period could not have been accomplished. It
~#18 necessary to "sell" the Corning Glass Works on the possibilitiés
of this new avenue of research.

In the course of studies on the oxidation properties of the silicone
fluids, it was noticed that many of the fluids became resinous and
rubbery. Feeling that there might be something cf interest in these
resinous materials, McGregor and his collcagues determined to look further
into their preparation and properties. In the meantime (1940-1942) Corning
Glass Works had taken an incresasing interest in the silicon~ materials. It
was obvious to the company that they did not have people or facilities to
explore the area properly. They subsequentl; made an agreement with the

Dow Chemical Company to jfointly pursue research ian organosilicon chemistry,
and in 1943 the Dow Corning Corporation was formed. The investigations
into the resinous silicones revealed excellent dielectric

- i ——— oy



properties, and then an additional pilot plan~ was established at Mellon
Institute for limited production ‘of these materials. It is interesting
to note that one of “he factors leading to organizaticnof the Dow Corning
Corporation was the interest of Admiral Myman Rickover in the cilicone
dielectrics for use in submarines. During World War II his recommenda-
tions enabled the company to secure money o balld a complete plant to
produce them. Subsequently these siiichnes were extensively used during
World War II as electrical insulating materials in aircraft as well asin
submarines. They were the first materials wit¥ a product motivation to
come out of the Fellowship. Dr. Warrigk points gut, however, that the
decision to investigate these materials wvs not dictated by Corning,

yet the company encoura;ed continuation nf the work whipever interesting

properties were uncovered,

Sub-Case III: Silicone Elastomefrs ‘Hel;gn,Instggutg ang Doy Qg;ning}.

While investigating the properties of variou§ fu:thyl silicone polymers in
1944, Dr. Ws#trick observed that many of them had properties similar to
natural gums and rubbers, although they lacked the strength of polyestar
rubber, Warrick agsin took the opportunity to discuss these rubber-like
materials with personnel of another fellowship at Mellon Institute who hed
bees working on watural rubber, They suggested trying benzoyl peroxide'to
attempt to vulcanize the new silicone compounds since this agent worked
very well on naturs&l rubhers. Thers was no reason to believe that this
material would resct with methyl ~ilicone compounds as it did with

rwbber and, as pointed out by D, Warrick, the method was simply one of
trial aud exricr. But in fact, the si:iizone material did gain rubber-

like characteristice, including considerabl: strength, through the

benzuyl peroxid-: treatment. As a result of this work, « patent application
for the vulcanization of liquid silic¢one polymers was filed by Dow

Corning €orporation in 1244, and eventually issued as U.S. Patent No.
2,460,795.
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1t was then decided that the work of the Fellowship should be
divected toward some fundamental studies of these rubber~like compounds

andvthe chemistsv involved in their formation. As an extension of this

work, a new research goal was established as the preparation of organo-
silicon compounds with predetermined functional substituents. Dr. Warrick
states, "This fundamental work on functicnal side groups, begun by

Dr. Spcier, was extremely successful. Today approximately 30 to 40

per cent of the 800 products marketed by Dow Corning Corporation é&re

the xesult of these early studies."

1ne early silicone rubber materi~ls were found to be rather limited
in applications by thei:r relatively low strength as compared to natural
rubber. Maximum Yensile st~ >emkh was iz the order of 500 1bs./in.2 and
the material had the coneistenc; of “ *ough cheese" rather similar to the
common art gum eraser. although Dow Gorniwg was able to commercialize
some of these rubbers, uses were severeiy testticted by the poor physical

properties.

In the courge of tike studies oa rubber-like matsrials, it came to
ba tralized *hat twe factors -- the melecular weiilit of th. silicone
polymer and the natute of tre Pflle¢ -- were extresely important to the
ultimate properties of the rubber. The following §e¢ a brief account of
how these obsetvations were made,

In the wister of 1949 a sighificant preskthrough oceurred which led
witisstely to the high sterength silfcome rubber in wse foday. Dr. G. C.
Akerlgf of the Coal Products Pellewship at Mellomn was sturdyisg methods
for sepsgating owygen from air., He had heard that cejtai of the silicone
resins were selectively rermesbl: to gasss. He disruss~d Wis problen
with the silicomes group, specifically imquiring wiether awy of th new
resins could be made in the forw of a thim membrane thrrugh which gas
might diffuse. In an effort tc accommodate Dr, Akcrlof, it was decided
to attempt to mak. such a membrdne frém a certain resir sample that had been
on the laboratory shelf for scme time. Twmis miterial. designated as
"K-gel", was then thought to be & siliconie polymer composed of short
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chains, and highiy crosslinked. A filler

of finely divided silica (SiOz) had shown some succesz in improving

the strength of the rubbers, and this material was chosen for the

experiment. Upon vulcanization under high pressure the mixture
ave a rubber with remarkable properties. The thin sheet that was
formed was extremely elastic and behaved more like natural rubber than

any previously prepared. Mr. Siias Braley, Jr., who was a member of
the silicones fellowship at the time,and who is now Director of the

Pow-Corning Center for Aid to Medical Research, described the amazement

at the elastic properties of the material when a piece was stretched
across a beaker and he was able to poke his finger almost to the bottom

without the film breaking. This was the first time silicone rubber

had behaved this way, and actually the sample had a tensile strength of
1000 to 1500 1bs./in.2. Though the film was not useful as a membrane
for removing oxyger. from air, it did serve to point out a direction

for future fellowship research in the field of high strength silicone

rubber.

The reasons for the exceptional strength of the membrane film werve
not at first obvious. 1t was first thought that the high pressure
treatment might have been significant, but the resuirs could not be
duplicated by similar treatment of other resins. Further investigation
of the "K-gel" revealed that it was not composed of short but highly
cross-linked chains, aes had been thought previously, but actually had
a rather high molecular weight and was only slightly crosslinked. It
soon became apparent through experiments with other polymers that
high molecuiar weight was significant in preparing a successful rubber.
But it was not the only factor. Before the membrane experiment, fillers
such as titanium oxide and distomaceous earth had been used in rubber
preparations; but when preparation of the oxygen-removing memvrane was
attempted, finely divided silica (sroz) was used in the hope of increasing
the oxygen removing efficiency. As it turned out, the silica filler
affected the strength of the rubber. Upon the recognition of this fact,



a considerable effort was undertaken to find appropriate fillers for
high molecular weight polymers. Development of a rubber to the product
stage form received great impetus from the Dow-Corning research group
in Midland, Michigan, who gave all possible support to the group at
Mellon and supplied them with various polymers for work on improving
strength.

It was not clear in the beginning what properties of the filler were
significant and therefore many materialswere tried. Through empirical
studies, it was learned that smail particle size and large surface
area were the important features tc seek. Any material with small
particle size was tried. Finely dividad carbon, which is used as a
filler in organic rubbers, could not be used because of its reactivity
toward the vulcanizing ageni:. Ultimatély, there was found a very
finely divided silica (that has since come to be known as ''Degussa"

silica) manufactured in Germany by Deutsche Gold und Silver Scherdeanstalt.

After these initial observations by the Mellon
Institute group, a considerable research and development effort was
initiated at the Dow Corning research laboratories on preparation of
fillers. It had been observed that on standing the mixture of fillez
and resin would vulcanize spontaneously. (Soon after the commercial
fntroduction of the high strength rubber -- actually only six months
after the first experiments -- many customers were receiving mixed
polymer and filler for further use, and to their surprise found a solid
mass, which could not be removed from the container.) It was suggested
that a surface reaction was occurring with hydroxyl groups on the silica
filler. An intensive research program was begun at Dow Corning to find
a way to treat the surface of the filler so as to render it unreactive,
oY at least to‘slow dowr the reaction: Finally a method was developed
to replace the hydroxyl groups of the silica with methyl groups, and this
ekiminated the problem of premature vulcanization. A patent application for
this procedure was filed in December of 1951 by George Kunkle, Keith
Poimanteer, and James McHard, the Dow Corning research men who develcped
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the process. Since the realization that the fillers are the most
significant factor in the properéies of high strength rubber,

the investigation of various silica fillers has been a

major research effort at Dow Corning.

In 1952 work was begun at Mellon Institute in another direction --
on radiation studies of silicone rubber materials. Warrick relates
the beginning of this work as follows: "Purely by chance, a professor
from the University of Pittsburgh Cyclotron Laboratory came to Mellon
Institute and requested various compounds for his irradiation studies.
We were happy to give him several of our vulcanized and unvulcanized
silicone rubbers just to see what would happen. Much to our surprise,
we observed that the unvulcanized material became vulcanized. To
confirm our observations, we sent several samples to Stanford Research
Institute to investigate the same type of reactions. We found the
same results. Because of this we began to intensify our fundamental
studies into the effects of radiation on our silicone materials. As

a result of this work, radiation resistant rubbers were produced."

One of the fundamental characteristics of silicone polymers and
rubbers is a low glass transition temperature. This property accounts
for the extremely good low temperature flexibility. However, silicone
rubber per se does not have the high tensile strength, and good elongation
and tear resistance,of organic rubbers. During the 1950's studies were
conducted on the Mellon Fellowship, in cooperation with Dr. L. E.
Alexander. It was found that at normal tfmperntures silicone rubbers
ate much less prone to crystallize on stretching than natural rubber.
Obviously what was needed was a silicone rubber which either would crystal-
lize more readily on stretching or which contained some degree of
crystallinity in the relaxed state. Subsequently, and with the aid of
the Dow Corning Corporation, Dr. R. L. Merker developed a series of
silicone block copolymers based upon combinations of silphenylene
siloxane blocks and dimethylsiloxane blocks. The resulting silicone
rubber polymers have tensile strengths in the vicinity of 3000 lbs./in.2



in the unvulcanized state. A patent application for this inventlon
was filed in 1960 and resulted in U.S. Patent No. 3,202,634 in August
1965.

Other fundamental studies were also encouraged in the early 1950's.
Dr. Paul Lauterbur who had pteviously become interested in nucléar
magnetic resonance spectroscopy joined the Fellowship. He was able
to convince Drs. McGregor and Warrigk that 8129 NMR spectra had potential
for studies of silicon-containing materials. They agreed that this
technique might add to the knowledge of silicone technology and encouraged
Dow Corning to support the purchase of the NMR equipment. Lauterbur
not only studied silicon-containing compounds, but also investigated
the newly developing field of 013 and P31 MMR spectroscopy. It should
be pointed out that during the course of his studies Lauterbur, through
the Institute policy of encouraging personnel to obtain advanced degrees
at the neighboring University of Pittsburgh, was able to complete the
work for his doctor of philosophy degree. (The same is true of Warrick
and Speier who obtained their Ph.D.'s at Carnegie Institute of Technology
and the University of Pittsburgh, respectively, while working at
Mellon Institute. Warrick and Speier both mentioned several times
during the course of conversations that this educational opportunity
was one of the important values of the fellowship system at Mellon

Institute.)

Sub-Case 1V. Biomedical Applications (Dow Corming). A notable

offshoot from the development of high strength silicone rubber has

been the interest of the medical community. Late in the 1930's, after
the high strength rubber had been commercialized for some time, Dow
Corning began to receive inquiries and requests from surgeons for samples
of the material molded in specific shapes and forms. It had been
observed in several instances that, when introduced into the human

body, silicone rubber did not cause adverse reactions observed with

many other materials. Specifically, in several applications, silicone
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rubber did net cause the severe blood clotting that has generally been

s¢en with foreign materials used in various prosthetic devices.

Mr. B.aiey, who transferred from the Mellon Fellowship to the
Dow-Corning product engineering group in Midland, took an interest
in these applications and tried to satisfy each individual request.
As experi.nental prosthetic devices were disseminated thrcughout the
medical circles , publications began to appear lauding the use of
silicone rubber. Soon Dow Corning was overwhelmed with requests for
the material -- not for large amounts, but for very small quantities
molded in specific shapes. The company decided that, even though
potential sales of large volumes of silicone rubber for these applica-
tions could be not be anticipated, the prospect of practical benefits
coming from the rucearch warranted the forming of a group specifically
for the study and dissemination of information relating to the use of
silicone rubber in medical applications. In 1958, Dow Corning formed
its Center for Aid to Medical Research under the direction of Dr. McGregor,
the long-time Administrative Fellow in charge of the Mellon Fellowship. Mr.
Braley, whose original interest in this work added impetus to the
development of these devices, served as McGregor's assistant at the
Center. Upon the death of McGregor in 1965, Béaley assumed the duties
of Director. The Center has continued to grow as new and important
medical applications have been found. Silicone rubber has found
use in artificial blood vessels, in a drain tube for hydrocephalic
children, in heart valves, and in many other substitutes for parts of vital
organs. Today the Center publishes a brochure which describes new

uses of silicon rubber as they are developed in medical practice.

Retrospect

The names McGregor, Speier, and Warrick figure prominently in this
account of the initial work leading directly to the development of

organosilocons as useful commercial materials. It is therefore of
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intere<t to record some of their -thoughts in retrospect concerning

the nature of some of the events which produced the successful result.

Dr. McGregor's views are recorded in many places including especially
his buock on "Silicones and Their Uses” published in 1954. We reproduce
as Appendix B his seciion on the "Commercial Development of Silicones".
Here we queote from the latter part (pp. 24-26) of the introductory

chapter on early studies in Orcanosilicon Chemistry:

"The scage was at last sec for the appearance of
silicones. And it is only right that we should recognize
who was responsible for the setting. Long ycars of
carn2st work by scientists who were curfous about natural
pheaomena had been rewarded by a wide knowledge of the
peculiarities of silicon chemistry. Others who were
curious about large molecules, how they were formed
naturally and how they could be produced synthetically,
had learned fundamcntal ! ruwths about them and had shown
principles governing thel: rformation. It was not too
much to expect that these two 11 s of aztivity should be
brought togther, that the knowledge of silicon-con-
taining compounds and the knowledge of the principles
governing the formation of large molecules should
result in the synthesis of large molecules containing
silicon. What the properties of such compounds would
be one could only guess, but the fact that the two
necessary lines of inforration had becn developed assured
the appearance of the joint product. Now it was simply
a matter of time.

"But it should not be assumed that the beginning
of 'applied' research marked the cnd of 'pure' research.
Although the importance of the commercial applications
of silicones had become recognized by industry the
intriguing nature of their chemistry was being attested
by numerous academic publications. Work that had been
started as a result of scientific curiosity a century
earlier was now bearing frui{t that had not bcen foreseen.
It had been assumed originally that results would show
silicon to be simply an analogue of carbon. While this
proved to be the case 10 a limited sense, the differences
wete wmuch more evijent thap the esimiiarities. Wwhat had
been started as & search ror further knowledge proved
to be the groundwork for technological advance that has
proved helpful to industry and in so doing has contribu-
ted its part to improving our standard of living.



D-28

"It would be a mistake' to consider this the end of
the story from the standpoint of either pure or applied
science. While industry is naturally doing a great deal
to further its knowledge of these compounds and to develop
more economical wethods of preparing them, the centers
of pure research are doing their share to clarify points
in organosilicon chemistry that are still obscure. The
number of papers of this latter type appearing between
the years 1945 and 1950 have been about 100 times as
great as in the century preceding. Industry has recog-
nized the fact that it has eaten up in 10 years the pure
research of 100 years. Without this type of research,
technology would wither. Thus we see a greater and
greater overlapping of the fields of pure and applied
research, the only point of distinction between the two
being the motivation of the individual who does the work.
And who shall say that the mental satisfaction of the
one is any less real than the material satisfaction of
the other?"

The recollections of Dr. Speier are of special interest:

"In 1943 I came to M.I. with a M.Sc. degree from
the University of Florida where I worked on terpenes and
other natural products. These I liked. They are highly
reactive complex molecules that are forever rearranging
and reacting with all kinds of things. The silicones
struck me as, in Kipping's term, 'uninviting.' The
silicones we were settling down to, all had methyl or
phenyl groups attached to silicon. The intermediates
all reacted with water and sooner or later ended up as
polymers with nothing but methyl or phenyl groups attached
to ai Si0Si chain or network. These may have been, and
are zreat dielectrics, etc. but chemically they are
nearly inert and they arec useful chiefly for this reason.
I couldn't get real excited about making hundreds more
like these. Further, rubbers and fluids were never
very intriguing to me for some unknowable reason. I
wanted to put organically reactive groups on silicon
in place of the methyls and phenyls. Thesa I wanted
to attach to the $1-C bond to come up with families
of silicon-substituted organically functional molecules,
which would give the opportunity ton study the effect of
an atom like si.izon upon the chemical properties of
organic functicnal groups.

-

o qwm
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"The trouble with this idea was that such molecules
were practically unknown. Friedel and Crafts had made

bt3SifHCH3, Et351fHCH3 and Et:Si?HCH3. Kipping had made

Ci OAc CH

a few sulfonic acids having groups like Si-CH SO,H

3

2 b4
and a few nitro compounds such as Si(C I, No ),. That was
about all there was, and these were nog whag ? wanted.

I wanted structures that were functional at the silicon
atom, i.e., with groups like -SiClj, -Si(OMe)j, -SiMeCly,
SiMegOH, etc., and also functional on the organic group.
I had some ideas of how these might be rade in systematic
series to given an idea of 'silicon' effect on organic
molecules and the effect of other atoms and groups on
silicon upon the effect of that silicon.

"I talked to Dr. Bernard Daubert at Pitt about how
such molecules might be incorporated into fats, proteins,
and other natural products (which hasn't been done yet!)
and he agreed to be my faculty advisor on such a project
and accept work like this for my Ph.D.

"I talked to Dr. McGregor, and in his usual manner
he encouraged the whole thing and said go ahead. I talked
to Warrick, he was inuch interested in making silicone
fluids with at least a few organically functional sites
in them to serve as means for vulcanization to make
rubbers. Also such groups might have lcd to stronger
rubbers which he greatly desired.

"So the three of us talked to Shailer L. Bass, who
was Dow Corning's director of research (now president).
He said okay; we could try if we wanted to. Daubert
insisted that anything we did for a degree had tc be
published. Bass and the legal department at Dow Corning
and at Corning agreed to this with only a few days of
discussion (six months would be needed today) and we took
off.

"The results of this line of research have been
for the most part gratifying. Dow Corning has many
patents on such compounds now. I have about 45 myself
and the people working with or around me must have about
as many more. There has been much unexpected fallout
in every area of Dow Corning's present business. The com~
mercial use of such functional silicones is now a new thing.
" They are now appearing on the market and no one knows
really where they will end up. The story may be more,
or lesz interesting in 1975."

R



Today he Dow Corning Corporation is the largest company in the
field of organosilicon products and holds approximately 60% of the tot»l
market. Although much of the early work in this area was performed at
Mellon Institute, a good deal of the subsequent engineering and funda-
mental work on silicones was performed at the Dow Corning
laboratnries. In estimating the value of Mellon Institute to
organosilicon chemistry, Dr. Warrick states, "The value of the Imstitute
was pretty high; but, of course, the same information wouid have been
found eventually without the Imnstitute. However, the Fellowship cer-
tainly accelerated the science of organosilicon chemistry." When
asked what at Mellon Institute contributed to the acceleration, Warrick
stated, ""The freedom to work on subjects of interest and the proximity
and existenca of people in other fields wers the major contributing
factors. Also, the general relaxed climate and pace of work contributed
a great deal." Dr. Warrick felt that the single motivating factor for
the studies at Mellon Institute was the accumulation of fundamental
knowledge in the field of organosilicon chemistry. He added that the
very informal channels of communication with the sponsor organization

contributed to the general atmosphere of this research effort.
Concerning ''the relaxed climate and pace' Dr. Speir added:

"In a way Warrick is right, if he means unregi-
mented. We came and went pretty freely with little
supervision or comment by anyone. If wa took two hours
for lunch, no one objected.

"On the other hand, if we worked till midnight and we
did many, many times -- no one said anything either. The
pace of work was self-imposed but very fast. Very few
of us worked a 40 hour week, and those that did ususlly
left after a bit (by their own choice).

"McGregor could usually be found working on Sundays,
Saturdays, anytime at night, even if he might disappear in the
middle of the morning when a good organization masn would
be at his greatest prominence. The same for Warvick. I
was trying to work full time and get a Ph.D. as fast as
I could. So during 1944-1947 I practically lived in the
Institute. After I got the degree, I don't think I slowed
down very much except I did quit working on Sunday.
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"If there is & moral ip all this I guess it has to
do with the freedom we enjzyed at Mellon Institute to
depart from urgent, obvicus needs of a struggling young
company, to attack problems ti:at seemed important to a
struggling young student. It is not possible that every-
one can enjoy this kind of freedom; but somehow it is
imperative that some must enjoy it. How any manager can
select who should have it and who should vot, and whea,
is a mystery to me. Fellowship 222 at M.I. was a good
and profitable one. Was this an accident of history or
can similar things be brought about repeatedly by careful
design?"
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APPENDIX A

Mellon Institute: -Organization and Character

"Mellon Institute is an endowed nonprofit corporate body for
conducting comprehensive investigations in the natural sciences, for
training research workers, and for providing technical information for

the benefit of the profession, the public, and industry."

The above brief descriptive paragraph appearing on Mellon Institute
literature expresses the purpoces motivating all activities at the Institute.
Research activities and the scientists who perform them fall into two

categories, the Fellowships and the Independent Research Groups.

A Fellowship is a group of scientists (one or more) working on
fundamental or appliecd problems of interest to a particular sponsor,
either &4 single firm or an association of companies , which bears all
costs, including overhead charges, for the activities of its Fellowship.
Although support for Fellowship activities is usually on a year-to-year
contract basis, most of the Fellowships have bzen stable with regard
to personnel and sponsor for many years. Three iundred

investigators are engaged in Fellowship activities.

As compared to other research institutes, Mellon Institute is

unique in several ways.

--Faunded over fifty years ago as part of the University of
Pittsburgh, it was the first of the institutes to undertake
research aimed at the utilization of science for the develop-
want of industrial technmology. During its early years, it
served as a prototype for other institutes and a training
ground for industrial research departments that have come to
constitute much of the strength of the chemical and pet-
roleum industries. Companies like Union Carbide and Dow
Corning trace their early successes, or even origin, to
work done under contract at Mellon Institutas.



N-34

~~Heeding the lessons of academic experience, Mellon Institnute,
alone among the institutes, requires that contracts involve
the effort of at least one research worker for one year, and that
the individual researcher normally engages during any given
period in work exclusively for a single sponsor. Indeed,
in the university tradition, he is designated as a "Fellow"
and his project as a "Fellowship’ for a given sponsor.
There is a requirement that significant results be published,
when the sponsor's interests have been protected, and that

projects shall have social merit.

-«Thus, Mellon Institute personnel have long been engaged in
pioneering appliea research based on research competence
in chemistry and related areas of physics, much of it for
materials producing companies and in continued close con-
tact with their personnel. Advanced development work,
better done in industrial plants or requiring more

advanced engineering, has not generally been undertaken.

Mellon Institute evolved to provide a transitional stage between the
scientific community in the university and the industrial-research
community; it has some of the features of each and is closely allied
with both:

While evolving from the University, Mellon Institute has retained
informal semiautonomous positions for the 'Research Director', the
"Pellowship Head,” and the "Research Fellow', who are somewhat akin
to a Department Head, Professor and senior postdoctoral student,
respectively, in & university. Research tends to be deeply rooted
in chemical, physical, and biological science, and such that one or two
problems occupy an investigator full time for a year or more. The sponsor
1s, in a sense, in the position of supplying "fellowship support"
for progress in a new area. Further, the Research Fellows regard them-
selves as temporary, though loyal, members of the Institute, destined
to go on to industry or academic posts elsewhere. Freedom of
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inquiry, lack of administrative detail, and informality, lend the
- Institute something of the atmosbhere of the university instead of the
stringently managed atmosphere sometimes necessary in industrial

development work.

On the other hand, members of the Fellowships, unlike their
university cousins, are generally highly motivated towards pioneering
applied research, i.e., to using their creative talents to pioneer
new techrology. They are aided in this task generally by close
contact with personnel from industry, including especially the spomnsor
but also other members of the institute, visitors from other spounsors,
alumni of the Institute end members of industry locally. In addition,
travel to the sponsor laboratory or plant, and to scientific and
engineering meetings is encouraged. Thus the Fellow at Mellon Institute
generally is exposed to a number of sources of knowledge of new science,
of new technology and of some of the "open problems" or '"needs" in

each.

It is pertinent to mention the "alumni" of Mellon Imstitute. Perhaps
uniquely among "mission-oriented" laboratories, the Institute regards it
as a basic goal to train personnel and to encourage recruiting of its
personnel by the outside world. A great number of the Institute's 3000
sluani todsy-hold responsible positions in the industrial and academic

research-oriented community.

The disciplines represented at Mellon Institute over the years
include chemistry, and materials especially, together with biochemistry
and certain areas of physics and mathematics.

The Independent Research within the Imstitute is supported by income
from a Fundamental Research Trust established in 1957 and by grants
and contracts from government agencies. The twin goals are new fundamental
scientific knowledge and the development of promising young scientists.
Publication of significant findings is mandatory. A total of nearly
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one hundred and fifty investigators are involved in these fundamental
studies -- a pernnnéﬁt staff of ;bout twenty Senior Fellows and about
fifty Fellows on two or three year tenure appointments. Althougn the
Institute has always supported basic science studies, the program of the
present scope emerged since 1957 subsequent to most events in this case

history. Consequently the Independent Research is not emphasized here.
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APPENDIX B
"“Commercial Development of Silicenes," excerpt from Silicones and Their
Uses, R. R. McGregor, (McGraw Hill, 1954)*

"In view of the wide background of knowledge just described the ques-
tion may be asked: Why was the commercial development of silicones so
loag delayed? The previocus history provides some of the anfwers. The
classical chemists had long been schooled in investigation methods that
called for the separation, by distillation or crvstallization, of pure com-
pounds. Large, poorly definable polymeric bodies did not lend themselves
to this method of approach. No doubt Kipping expressed the sentiments
of many other chemists of his day when he descr¥ibed such products as
"uninviting glues.' There was little commercial background at the time
to suggest that these 'gluas' had any practical significance. Further,
those interested in chemical research had few, if any, connections with
industry. Without the backing which industry could furnish there was
great difficulty and littla incentive in embarking on a study of such

indefinable products.

""The word 'polymer' had been in common use for years, but it was
no¢ until Staudinger voiced his concept of 'macromolecules’' in the
1920s that there was a major interest in the study of them. The
recognition that these undistillable and non-crystallizable bodies were
built up by known chemical reactions and could be considered simply
as very large molecules opened up the enormous field of polymer research.
This heralded the beginning of the 'plastic age', and high polymers of
many types began to appear as commercial products. Some of these
products were transparent and could be used, with more or less success,

in the place of glass.

"The possibility of a hybrid polymer -~ a cross between the organic
polymers (plastics) and the inorganic polymers (glasses) -- appealed to
some glass manufacturers as a delircble possibility. Dr;;E. G. Sullivan;
then Director of Research for the Corning Glasi Works of Corning, N.Y.,
engaged Dr. J. F. Hyde, an organic chemist, to investigate this matter.

* ‘ .
Permission for this quotation granted by McGraw-Hill Book Company
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"Hyde was acquainted with the iiterature describing organosilicon
research, and he had the advantage of the rapidly accumulating knowledge
of large polymers. By using knowledge from both these fields he was
able to prepare large polymers containing both organic and inorganic

constituents.

'"At this point there arose onme of thos coincidences that often
direct a course of action. The Corning Glass Works had just begun the
development of glass fibers and was on the lookout for appropriate market:
One of the most promising outlets for this product appeared to be as
a woven tape for use in electrical insulation. Cotton, impregnated
with a resinous dielectric, had be2n used but it would char at elevated
temperature. This diffiCulty could be overcome by the use of glass
tape in place of the cotton, but it was found that the resin impregnant
would stand only slightly more heat than the cotton would. Thus there
was but little advantage in using the glass. To realize the full value
of the glass tape there was needed a resinous dielectric that was con-

siderably more heat stable than the crganic materials in common use.

“Hyde was able to point out that the organosilicon polymers he had
been developing could be made in resinous form and that certain types
were unusually heat stable. The work then turned toward resinous
compounds that would be of use as a heat-stable dielectric in tapes made
of glass fiber.

"Studies and experimental work were then conducted along thesc lines.
When sufficient progress had been made to justify a demonstration, the
products were shown to officials of the General Electric Company in the
hope that glass-fiber tapes would be recognized as the basis of high-
temperature insulation. This approach to high-temperature electrical
insulation was recognized as fundamentally correct, and the study of
these organosilicon insulating resins was then taken up in the General
Electric laboratories as well, under ihe capable guidance of Dr. E. G.
Rochow and Dr. W. I. Pataode. About this time the Corning Glass Works
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Fellowship at Mellon Institut:, Pittsburgh, under tiie headship of the
author, undertook similar work, aimed not only at the production of
insulating resins but also at & general survey of the chemistry of the

materials and the engineering required for their production.

"Tha knowledge of this work catalyzed similar investigations by other
industrial laboratories, and soon the technical literature showed that

ever-increasing attention was being given to organosilicon compounds.

"By 1942 work had progressed with the Corning group to the point
where commercial production could be considered. As the manufacture
of these materials was in the nature of an organic synthesis rather than
a glassmaking operation, the Corning Glass Works approached the Dow
Chemical Company with a view to obtaining engineering and research
assistance. The result was that in 1943 the formation of the Dow
Corning Corporation, financed jointly by the Dow Chemical Company and
the Corning Glass Works, was announced. The fury of World War II was
then at its peak and high priority was granted to Dow Corning for the
erection of a factory and procurement of equipment, as Dow Corning was
the only source of seversl organosilicon products demanded by the military
forces. While these materials were being produced in commercial ‘
quantities, research on their improvement continued and it was inevitable
that new and valuable nroducts would be found. With the close of the war
it was therefore possibic to offer to industry commercial quantities of
a wide range of products with properties that had not been known

previously.

" Meanwhile other companics, though not actually producing, had been
conducting vigorous research. In 1946 the Caneral Electric Company
announced the openiang of its slant for the production of silicones.

In 1949 the Plaskon Division of the Libbey-Owens-Ford Glass Company
advertised silicone products for sale, directing attention largely to
materials useful with alkyd coatings. About this time the Linde Air
Products Company, a division of Union Carbide and Carbon Corporation,
commenced pilot-plant work in Tonawanda, N.Y. At this writing they

are planning for full-scale production of a broad line of silicone products.

PRSI
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**Although the drigiral aiw of she investigations caxriead out hed been
to develop electrical insulating resins, the first materials to He wede
comme¥cially were the silicowe fluids.

"The limited ardunts of fluids that were first available restristed
their uyse to applications such as damping fluids im sewsitive instru~
ments uded By the Air Force. The stability of the fluids and theix swali
change of viscosity with temperature were the properties that prowed the
most valug here. 4s production increased the fluids were formulated
into a greaselike matérial that proved to be of great value as an ignitic
sealing compound for wee in the spaxd-plug wells of military aircraft
engines. The resing hkad by this time reached the point of development
whore it was possible to use them, in conjunction with glass-fiber tapes;
as the insulating medium in Motors. Cooperative work with the armed
forces helped in their developwent and appraisal.

""The usefulness of the fluide as antifoam agents in petroleum oils
had been demonstrated and some military specifications demanded their
addition to many types of oils.

“In 1945 both the Dow Corning Corporation and the General Electric
Company announced the development of a silicone rubber that was useful
ar temperatures too high for the functioning of organic rubber.

'""All these products were so necessary for militafy requirements that
little or none of them was available for civilian use. When hostilitics
concluded in the summer of 1945 the military demands ceased and siliconet
vere left without a market. But the versatility of these materials
was such that energy and ingenuity soon showed how they could be
adapted to a peacetime economy.

" The flu.ds were found to be excellent mold-release agents in the
molding of rubber tires and other rubber soods, as well as of many
types of plastics. Polishes and lubricants were developed, and the
damping fluids were adapted to peacetime requirements. The resins were

improved and developed into high-temperature coatings and laminating
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materials. The silirone rubber was given improved physical properties
and was formulated tc maintain its properties at extremely low temperatures
while still retaining its high-temperature stability. Application to

the waterproofing of textiles was developed.

"Evidence zccumulated that the silicones in one form or another
could be profitably applied in almost any industry one could name.
Demand for peacetime applications soon surpassed the requirements for
early military use, and expansion of facilities becamc necessary for

all producers.

"The pattern of growth is familiar, for as production has been
increased prices have dropped. This allows application to a greater
variety of industries and products; more prcduction is then required
and the cycle is repeated. The conclusion of the matter appears to be
still far distant, and nobody short of a professional scothsayer is
willing to hazard a guess as to the pnsition oi silicones in the

industries of the future."”
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ANALYSIS FOR A CASE HISTORY OF THE DEVELOPMENT OF SILICONES

For the purpose of analysis, this case history has been divided

inco sub-cases as shown below.

Sub-Case Title
I Silicone polymers for heat resistant resins
(Corning Glass Works)
1I High Temperature Lubricants and Dielectrics
(Mellon Institute and Dow Corning Corporation)
I11 Polysilicon Elastomers
(Mellon Institute and Dow Corning Corporation)
v Biomedical Applications

(Dow Corning Corporation)
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DESCRLIPTION OF REls

Stage* REIL Description
Sub-case I. Silicone Polymers for Heat Resistant
Resins (Corning Glass Works)

0 a Development of silicone chemistry and polymer science

1 b Recognition of possibility of new class of polymers
with silicon as part of chains (Sullivan-Hyde)

2 c Recognition of neéd.for high temperature resin for
dielectrics (with glass fiber) and that new silicon
resins could do thke job (Hyde)

3,4 d Corning takes result to General Electric

2 e Recognition at GE of a new class of polymers and
assignment of Rochow and Patnode
Sub-case II. High Temperature Lubricants and

Dielectrics (Melion Institute and Dow Corning)

3 f Recognition that ethyl silicate may be useful adhesive
for glass blocks (McGregor-Warrick)

1 8 Recognition of treasure of literature on organosilicon
chemistry and possibility of making useful new materials
(McGregor-Warrick-Kipping)

3 h Recognition of viscosity-temperature properties and oxidati
resistance of new aliphatic silicone fluid as possible
high~temperature, stable lubricants for oxygen pumping
systems (McGregor-Warrick)

5 i Establishment, in 1940, of a pilot plant at Mellon

Institute for the manufacture of small quantities
of silicone fluids

. % See Page 49.for identification of the stages cf development considered he:
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Decision to look at the fundamentals of oxidation
stability of silicone fluids (McGregor)

Recognition that resinous rubbery materials with good
dielectric properties could be made by oxidation of
silicone fluids (McGregor-Warrick-Speier)

1940 pilot plant at Mellon Institute for production

of dielectric resins

Formation of Dow Corning with a Government contract
for production of dielectric materials for submarines
(and lubricants for aircraft)

Sub-case IIT. Polysilicon Elastomers (Mellon
Institute and Dow Corning}

Recognition that silicone polymers were elastomeric

(McGregor-Warrick-Speier)
Vulcanization to useful rubber (Warrick)

Decision to investigate fundamentals of organosilicon
chemistry with view to synthesis of polymers of varied
structure (various side groups) (McGregor-Warrick-Speier)

Chance eiploratory work on radiation of silicone resins
showed possible vulcanization route

Decision to investigate fundamentals of radiation effects
on silicone rubbers led to development of riédiation

resistant silicone rubbers

Chance exploratory work on vulcanized silicone resins
with §i0, filler (as gas preferential diffusion membrane)
showed extremely high strength.

S
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Intensive studies at Mellon Institute and later at
Dow Corning led to the development of superior polymer-

filler combination

Recognition by Dr. Alexander, Warrick, et al., that
silicones are less prone to crystallize than normal
rubber, and acceptance of crystallizable structure as

a goal

Development by Merker et al at Mellon Institute of
crystallizable block copolymers which behave as high
modulus crystallizable rubber. (1958-1965)

Sub-case IV. Bio-Medical Applications (Dow Corningz

Recognition by medical community that silicone rubber
had unusual nonthrombogenic tendencies when implanted
in the body (prosthetic devices)

Decision to form a research group for the study and
dissemination of information relating to the use of
silicone rubb. {n medical applications (1958).
Center for Aid o Medical Research at Dow Corning

Tests and demonstrations by surgeons of utility in
artificial blood vessels, heart valves, etc.

T Y e AT, 2™yt
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STAGES AT WRHICH REIs OCCURRED

Sub-case Sub-case Sub-~case Sub-Case

Stage No.* 1 I I1I Iv

0 a ] Prqu

1 b,e 2k n,r,s,v v

2 c o,t,v x

3 d f,n y

YA

5 i,1

6 m

* Stages were defined by the Committee for purposes of this study,

as follows:

=
H W N o~ O |0

w

STAGES

Scientific finding (knowledgc)
Recognition of new materisl (process) possibility

Creation of useful material (process) form

Feasibility of using the material (process) in hardware

Possibility of uaing the hardware contafining the

material in a system

Production of the system (product)

Operation of the system (product)
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FREQUENCY OF FACTORS POR REIs
(Summary)

Factor
4 Importance of recognized need
5 Requirement of flexibility to change direction during
work and local control of funds (easily available
resources)
8 Communications across organizations
11  Freedom for individuals
1  High educational level (advanced degree) of principal
., 1nvestigator
7 Basic research in the laboratory (or institution or
organization)
12 Broad spectrum of types of laboratories
15 Organizational structure (barriers and bonds)
2 Importance of management
6 Industrial laboratory involvement
10 Importance of a '‘champion'
14 Prior expericnce with innovation
13  Geographic proximity

Technical problem as the principal obstacle
Importance of Government-sponsored research

Total
Freguenc!

20/25

20/25
18/25
17/25

14/25

14/25
14/25
13/25
12/25
12/25
11/25
10/25

9/25

2/25

1/25
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Summary Analysis

In the editing of this report, nearly a year after the narrative
of the case history was completed, limitations of our treatment became

apparent:

{1) The developments under review are generally twenty to thirty
years old; and, therefore, the participants in the discussions are
often unable to recall specific details which are of crucial importance

in this kind of analysis.

(2) The participants at Mellon Institute were more immediately
involved in stages 0, 1, and 2, and consequently these receive the
greatest emphasis. Interactions influencing stages 3, 4, 5, and 6
are generally given little attention. Thus, inadequrce attention is
glven to the contribution and interaction in the research and engineering

departments at the Dow Corning Corporation.

(3) The treatment of the four subcases is very uneven, though
none is treated in its entirety. For example, the treatment of sub-
case I is obviously inadequate. Similarly, the role of the Dow Chemical
Company and the government in the formation of Dow Corning is not made
explicit. '

(4) Some of the happenings reported here occurred in a different
era, before research in industry (generally) was highly organized; and they
involved a new company with research-oriented management at a time
before the divclop-cnt of divisional lines, 2tc. Thus, contact between
top-level management and the research chemist was close and the many
communication barriers that can exiltlln a larger and older organization

had not appeared.

Any strength in this review lies, perhaps, in the picture it gives
of the ways in which highly motivated scientists use basic scientific
knowledge, observed behavior, awareness of needs, and tricks of existing
teéhnology in various adjoining fields, to find their way to novel
applications. To a degree there is little that is systematic in this.
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Implicit in the present case was faith on the part of the investigators
and their sponsors that there were opportunities to take advantage of
the growing understanding of organosilicon chemistry in making new
materials with unusual combinations of properties and finding profitable
new applications for them. The "formula" for success amount:d to this:
alert, perceptive, intellectually flexible men motivated by curiosity
and the will to succeed, working in an atmosphere that exposed them,
perhaps haphazardly, to ideas and teeds from many directions. To a
degree, this exemplifies the advance of basic science, unpredictable
and unprogrammed, yet often swift. The emphasis is necessarily on

the inividual scientist, on his training and enviromment. The tre-
mendous importance of the contribution of a few individuals is impres-
sive. The function of communication to management, fulfilled by the
champion or "salesmarn', ic illustrated here by instances showing how

well #t can work when the conditions -- and the men -- are right.

The thesis that new science and new materials will lead to new,
perhaps unforeseen, applications has been the guiding philosophy,
more often than not, in the development of the organic polymer industry.
Perhaps this was the natural result of the circumstance that the
synthetic arts were more advanced than the physics of materials. Today,‘
with more severe demands on materials and better physics to guide us,
explicit definition of needs and goals becomes coumonplace and taken

for granted. This may represent; in pert, a limitation -- a danger to
innovation through hardening of attitudes as to what is and what is not
feasible.
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INTRODUCT ION

This case history* describes the events and surrounding circumstances
leading to the development of a new class of polymers (the polybensimidasoles)
which are currently entering several areas of use, These polymers were dis-
covered by Professor C. S, Marvel and Dr. H. Vogel of the University of
IN1inois under a contractual program sponsored by the Polymer Branch, Non-
metallic Materials Division, Air Force Materials laboratory. The discovery
and subsequent exploitation of these polymers is important technologically

because these polymers possess outstanding resistance to high temperatures.
As such, they are being aciively pursued for uss as fibers and plastics in
asronauvtic and astronauiic applications and other applications where resic-
tance to high temperature is c{ major importance. The discovery of these
polymers is important scientifically because the principles learned from the
discovery have a broad and important impact on the field of not only thermally
stable polyrers, but other types of polymers as well. From the historical
point of view, this case history eriumerates a method by which a presumably
successful research and development program can be conducted within the gen-
eral framework of federally sponsored research and development. Further, the
overall program involved a number of individuals in organisations of quite
different perspectives (eg. university, industry and govermment laboratories)
who were widely separated geographioally and each of whom had, or has, an
imsortant role to play in the outooms of the overall program.

#APPENDIX gives a brief chronology of events,
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BACKGROUND
Polymers are a broad category of organic, inorganic and semiorganic ma-
terials which find general application as plastics, fibers, elastomers, coatings
films, fluids, adhesives, etc. Pclymers are chemical compounds of very high
molecular weight composed of large numbers of chemically similar recurring units
linked together to form long, essentially linear, molecules by primary chemical

valence bonds. For example, the polymer polystyrens is composed of a larpe
number of recurrirg styrene residues:

=CH 4 <CH -CHg -CH =CHj ~CH «CHy -CH ~CHs

BIREERE

Whereas the parent styrene has a molecular weight of sbout 100 molecular weight
units, polystyrenes may have molecular weights, depending upon the method of
preperation, ranging up to several million. Therefore, & single polystyrene
molecule may contain over 100,000 styrene residues in a single chain,

Depending upon the chemical composition of the recurring unit, the sise
of the molecule and the temperature of observation polymers may bs strong, hard
plastics, extensible rubders, or liquids,

Prior to the early part of this century, the chemist, physicist and engineer
had only the naturally occurring or slightly modified naturally occurring poly-

mers to work with, However, as the scientist began to understand how to prepare
synthetic polymers and to modify the properties of both matural and synthetic
polymers the versatility of polymers increased manifold. An ultimate goel of
polymer science is to understand the relationships between the properties of
polyr.rs and their physiocal and chemical oonstitution and to learn how to pre-
pare polymers of desired chemical and physical constitution to yield an opti-
mom balannce of chemiocal and physical properties. In the past few decades con-
sideradls progress has been made in these directions., However, much is still
yot to bs revealed and understood.




. HIGH TEMPERATURE POLYMERS

Improvements in the properties of polymcis are continually sought. New
polymers are constantly being prepared with improved resistance to solvents,
better abrasion resistance, better strength, etc. Progress in aviation, -
missiles, and space exploration have led to pressing needs for polymers which
can withstand high temperatures, low pressures, high radiation fluxes, ¢tc.,
and have useful properties. These applications include structural materials,
such as reinforced plastic laminates for radomes, missile cases, etc., for
electrical purposes such as insulation, thin film dielectrics, etc., elasto-
mers for fluid transport, seals, sealants, tires, etc., plastics for thermal
protection such as ablative nose cones, rocket engine throats, etc., fibrous
materials for reinforcement in ducting and tires, for high speed recovery
systems such as decelerators, etc. Nearly all functiong which normal'y are
required for polyweric materials in ordinary use under ordinary conditions
are found in aeronautic and astronautic applications, but with more severs
condition of operation,

Faced with these needs, and other needs which preceded the asronautic
and astronautic applications, a number of organizations becams interested
in polyners with improved high temperature properties. A few organisations
have been sufficiently interested to conduct or sponsor polymer research
with improved thermal stadbility as a major goal. The United States Afir
Porce, through the Afr Force Materials Laboratory (AFML)# has been pursuing
such polymer research and development since the early 1950's, This progrem
had evolved from applied work on modifying and reformulating available
polymers, to a broad based fundamental and applied research program of some
few m{1lion dollars effort, imvolving both internally and contractually

conducted programs.

#The titles of organisations appearing here are current as of this writing,
rather than the title at the time.
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Toward the end of the 1950's, in the Nonmetallic Materials Division of
AFML, headed by Mr, R, T, Schwartz, and particularly in the Poiymer Branch
headed by Dr. A, M, Lovelace, this effort had been devoted to the praparation
of a variety of new polymers. An effort conducted internally and with the
M, W. Kellog Company, Peninsular ChemResearch Incorporated, the Dow-Corning

Chemical Company and Minnesota Mining and Manufacturing Comwpany had success-
fully synthesized a variety of new high temperature, solvent resistant fluori-
nated rubbers. These polymers solved certain critical needs in jet aircraft
and received very general acceptance. Several other programs in the Division
had as successful, although perhaps not as dramatic, an impact.

Within the Division exploratory research on new polymers on a rather

broad base was encouraged and stimulated. Pressing and well-recognized needs
existed which supported this interest., Management of the internal and con-

tractual research programs was in the hands of people who understood these
needs, the general problems of research and how to £it the conduct of pro-
ductive research into regulations and customs best equipped to support line
organizatics. KExperience gained during the past saveral ysars had led to an
ability to select and originate technical programs which generally were
productive.

The major influence which set the pattern of research and development
in the Division, was the attitude of Schwarts. He provided the overall
orientation of research and development, yet depsnded upon his personnel to
recoomend and exploit fruitful areas. He strongly supported exploratory
polywer synthesis. However, the derivation of th‘ technical approaches to
new polymers, and the conduct of the resesrch rested with the bench scientist
and first-1ine supervisors.

The staff of the Polymer Branch in Schwarts's Division, consisted of

some twenty professionals, 2/3 of which held the Ph.D, !a chemistry. They
represented a cross-section of backgrounds in chemistry from classical org-
anic, semforganic and inorganic synthesis to specialists in polymer chemistry




and physics. These personnel devoted a majority of their time to internal
research, but in addition conducted a contractual ressarch program of some
150 man-years/year effort. The Branch Chief, Dr. A, M, Lovelace, in par-

ticular, had been closely associated with the discovery and development of
the high temperature and solvent resistant fluorinated rubber program. His
trairing was in the synthesis of fluorine containing monomers and polymers,

and he was a recognized authority in this area.

The development of fluorinated elastom:rs appeared to solve, for a
time, the most pressing problems in the elastomer area and effort was
directed more toward other critical areas: high temperature plastics, ad-
hesives and fibers. The state-of-the-art materials in the high temperature
plastics field were the phenolics and modified phenolics. However, these
materials fell considerably short of current and projected requirements
mainly in respect to resistance to high temperatures. In the fibrous mat-
erials area, the state-of-the-art materials were the aliphatic polyamides
(commonly referred to as nylons) and a new fiber recently provided by the
duPont Company. The proprietary material, originally referrad to as HT-1
and later as Nomex¥ was significantly batter than the nylons in thermal
resistance, but requirements still existed which were beyond the capability
of this material.

The general problesm in the high temperaturs plastic and fibrous materials
area was two-fold. First, the basic polymer must resist cheamical attack and

degradation at higher temperatures. Secondly, the polymer must nuu soften

or flow at these temperatures. These two characteristics might be related,

fe., the polymer might chemically degrade due to oxidation and the degraded
polymer might soften and flow, However, it was aleo possidble that the poly-
wer might be chemically stable, yet of too low a softening temperature to be
useful, It appeared that the best approach would be to look for polymers of
high softening temperatures which would be chemically stadble, This was the

basic approach which had been attacked by a number of workers, but with a
notable lack of significant success.

#Registered trade-mark, the duFont Company.




The major problems sncountered were that when ons attempted to syn-
thesize polymers which were expected to have enhanced stability the . iymer
forming reactions (polymerization reactions) proceeded nluggishly and ylelded
products of too low molecular weight. In those few cases vhere products of
apparently high enough molecular weight were obtained, they completely resist-
ed all attempts to do something with them. They were insoluble {n all
solvents tried, Uhen heated in an attempt to mold them, these polymers did
not soften or flow at any point short of decomposition tempesratures. These
materials came to be known as "brick dusts”. They were typical products of
uany high temperature polymer synthesis programs.

Another basic problem which faced this field was termed the "weak link"
problem, Some of the most chemically stable compounds known in orgamic
chemistry are the aromatic hydrocarbons, such as benzens and its homologs,
biphenyl, terphenyl, quaterphenyl, etc.

0 Q0 000 OUaT

benzene biphenyl p~terphenyl p~quaterphenyl

At this time, no good procedure existed for the preparation of polyphemyls
of even moderate molecular weight. Therefore, a common approach was to
react chemically substituted bensenes with other aromatic, co-resctive com-
pounds to form polymers which contained a high proportion of aromatic muclei
in the recurring structures

0 0 | o 0 0
n Cl1-C -@-C-Cl +n “Q.@ OH =P 2nHC1
' n

terephthalyl resorcinol oaatic polyester
chloride
While the aromatic units in thess type polymers were still quite stadle, the
ester group (-C00-) was of considerably less stabflity. Thatefore, the
stadbility of the polymer was limited not by the aromatic group, but by the
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ester <roup. In reneral, the conventional polymer torming condensation
teactions all left such "weak links' in the chain. Therefore, if one allows
sonse oversinplification, the most serious problems at this point in tiwme

could be represented:

(1) Those polymerization reactions which could yield polymers of nre-
ferred stability renerally proceeded sluppishly and gave products of too low

=olecular welsht to be useful materials.

(2) In some cases, polymers of possibly hiyh cnough molecular weipght
cotld be prepared but they resisted all efforts to dissolve, mold or otherwise

shape them into useful forms,

(3) Those conventional reactions which could yleld high molecular weight
polvmers which were fabricable generally left residual "weak links” in the
structure which serfouslv limi{ted the polymer stability.

Professor Carl S, Marvel of the University of lllinois Chemistry and
Chemical Engineering Departoent for a number of years had been recognized as
a leading authority in the fleld of polymer synthesis. During the Second
World War, he was very active in the government sponsored synthetic rubber
research and development program, During the middle 1950's, he became a con-
tractor of the Polymer Branch, Nonmetallic Materfials Divisfon, Alr Force
Materials Laboratory, in the area of thermally stable polymers. Shortly
after this, the University of lllino{s program was expanded to include inves-
'tikations by Professor John C, Bailar on coordination polymers and Professor
ludwig Audrieth on inorganic polymers. Marvel, Bailar and Audrieth worked
independently, although Marvel was the administrative head of the total

program. Marvel, a very aggressive and talented scient{st, had become very
highly interested in the preparation of thermally etable organic polymers,
lie was strongly affiliated with the interests of the Afir Porce in pursuing
such materials. Due to his high motivation in this direction and to his

obvious talents, he was given rather broad license to conduct research in
this area.

Marvel's association with the Polymer Branch by the late 1950's had been
aardsfactory, in genoral, both to Marvel and to the Air Force personnel., ‘No
lack of communication appeared to exist between these two groups,
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Discussions were candid and irnformal. Marvel had little patience with tan-
gential effort, which although interesting, did not contribute toward the

objectives of his research. The research always appeared purposely directend.

The staff of Marvel's part of the program generally consisted of Ph.D, can-
didates, although occasionally a single post-doctoral would be taken on.

In addition to the Air Force sponsored program, Marvel was also supported
by funds from the "epartment of Agriculture, the duPont Company and at times by
funds from other organizations such as the National Science Foundation. ‘Thus,
a rather wide variety of work was underway concurrently having fairly dissim-

ilar objectives,

The research underway on the Air Force program at about the time of
discovery of the polybenzimidazoles (PBI) is summarized in Appendix II. It is

apparent from this summary that Marvel believed that the future of high temp-
erature polymers rested primaril: with polymers having cyclic or ring struct-
ures in the main chain, and moreover, with structures having large propor-
tions of aromatic nuclei., He was greatly impressed that “Black Orlon" (a poly-
acrylonitrile that had been pyrolyzed in a specific manner to give what was

believed to be a double-chain or ladder structure):

Cligy CH” CH.\CH/ C“'\CH/C"'z\CH,
] ) l )
P A TWAL Y AT ALY
Black Orlon

could be heated in a f1ame to red heat without visible change. Hs was

attempting to prepare similar polymer structures by other methods, He had
also pursued the preparation of polyphenylenas.

In the latter part of 1358, Marvel becams interested in an approach
which had been followed by Erlenmeyer in 1944, Irllnmytrl°6hnd prepared a

typs of aromatic-heterocyclic polymsr, a poly(phenylens thiasole), by a novel




kind of reaction:

0 0 W NN
n BrHzC-Gf C-CHaBr +n  © > —
s’ ‘SH

p-bis (bromacetyl) benzene p-phenylene bis (thionamide)

:‘
@ N +2nHBr +2nH0
: ‘cu_..s “cn

roly(phenylene thiazole)

This reaction was novel because it was a condensation reaction which did not
leave a "weak link" in the polymer structure. The thiazole ring (a hetero-
cyclic unit) has a stability in the same range or higher than the phenylene
unit. This type of polymerization reaction, a ring closure reaction, it
appeared, could be used to circumvent the "weak link" problem mentioned earlier.
Marvel repeated the work cf Erlenmeyer, et. al., since in the original work the
reaction products wer~ not fully characterized. The polymers obtained by
Marvel and coworkers were of good stability but of low molecular weight and
very limited soludbility.

In the latter part of 1958 and in 1939, Huisgen and couorkotol-gpub-
lished procedures for the preparation of other types of heterocyclic compounds,

the oxadiazoles and triazoles:

R<CalN 0
. Ha — Re” \ﬁ""
Ne X ¥
aryl tetrasole acyl chloride substituted oxadiasole
R=CsN N
I SNE e R'-‘(!:Gl —> gc” “C-R’
- i

acylimino chloride substituted phenylene triazole

Marvel recognized that the oxadiagolss and triazoles were stable structures,
and immediately undertook the preparation of polyners via a ring closwre
reaction forming these units:




_,< \ C”_-Cl
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poly(pienylene oxadiazole)

: N
n HI:: /\ y = + n Cl__?/ N b
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poly(phenylene triazoles)

The poly(phenylene oxadiasoles) were of very good stability; howsver, they
were insoluble in all solvents. The poly(phenylene triazoles) were of nzarly
the same stability, and while soluble in organic acids such as formic acid,
the molecular weights were too low,

From the time that research had begun in the Pclymer Branch directed
toward high temperature polymers, pro.rams had been conducted, intermally and
ocontractually, to determine the thermal stability of various classes of orgini
semi-organic and inorganic compounds. Tho research covered basic studies of
the mechanisms of decomposition and extended to screening studies of a large
nusber of different types of simple and complex compounds. The intention here
was (1) to provide basic information on general chemical reactions involved in
decomposition of model compounds, and (2) provide a general library of semi--
quantitative information on the gross thermal stability of organic model com-~
pounds, This information was placed in the hands of the synthesis chemist to
help guide his search for more stable chemical systenms,

In the period from 1958 to 1960, a program was in effect at Monsanto
Chemical Company, led by Dr, J., W. Dale, directed toward polymeric fluide
stable at temperatures in the order of 800 ty 10000F, A portion of this




effrrt was involved in screening model compounds for thermal stability by
means of the isoteniscope method. A large number of compounds were screenad
in this program, including aromatic and heterocyclic structures. Since
repcrts generated by one Branch contractor were automatically distributed to
other contractors of the Branch, Marvel received the results of this work,
In January 1959, one upor‘tm issued from this work which listed, among many
other compounds, the isoteniscope results for {midazole. These results
indicated that imidazole had a very good stability. Marvel read and noted
these results, but recalle that no direct synthesis of polymoric imidazoles
occurred to him at the time. At about that time, January to March 1959,
Marvel was the recipient of a National Science Foundatfon grant. An appli-
cant from Germany, Dr, Howard Vogel, was accepted to work on this grant,

In the interval bstween March and June 1959, Marvel visited the Polymer
Branch to discuss progress under the research contract. He met with Lovelzce
(mentioned earlier) and Dr. W, E, Gibbs, Gibbs, who had joined the Rranch
during the previous year, was the project acientist for Marvel's program. His
background was polymarization kinetics, dilute solution properties, and diene
synthetic rubbers.

At the outset of the meeting, Marvel was quite despondent over the lack
of positive results from the curremt program, Further, he felt that he did
not have any better ideas on which tc¢ work., Although progress toward stable
polymers on ths present program was disappointing, Lovelace and Gibbs wsre
of the opinion that the present course of work war good and strongly emcour-
aged Marvel to contimue. They encouraged Marvel to sesk rsliated systeme
vhere the principle of ring-closure condensation reactions coiuld be employed.
About four hours were spent i{n a detailed review of the pnﬂnt approach and
results and discussin: possible future effort. Although msmories acw of
those present are all somewhat vague about ths sxact sitvaticn, Lovelace
recalls (then confirwed by Gibbs) that Marvel brought up the imidaszoles as
a potentfal polymsr. This was exploved further when Marvel recalled a
specific reference in the literature to the preparation of bensimidazoles.
The three then went to the Branch library and looked up the reference. It
appears that this refersnce was: M. A. Phillips, J. Chem. Soc., 1415 (1930)'!,
This reference gives the preparation of bensimidasoles by condensation of
aromatic ortho dismines with an organic acid in an acidic medla.
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o-pherylene diamii - organic acid substituted benzimidazol

Harvel planned to try this approach.

Following this discussion, Marwel was in an optimistic frame of mind and
visibly encouraged about the resesrch.

i 1 August 1959, Vogsl reported for werk. lMarvel outlined some four
possin.e research projects. Included in thess was the swmthesis of aromatic
benzimidazole polymers based on the reactisms of asomatic di-acids with aroma-
tic di-ortho diamines. This program wae selected by Vogsl.

Very shortly thereafter, Vogel begam work along the lines suggested, It
was found that the reaction of aromatic acfds aad agrmatic di-ewtho diamines
did not go well and poor yields were obtaimed. The work was ewtended to
cover various solvent systems along lines suggested in the litorature but
wvith limdted success. Following conventional approaches of reactions of
carboxyl cempounde with amines, they attempted the reaction of methyl esters
vather tham the free acids, but the methyl esters proved too volatile at

temperatures required for readtion. They then tried phenyl esters to mini-
sizse volatility.
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At once a dramatic change tcok place. The reactions proceeded swoothly
to yield soluble polymers of much higher molecular weight. This inherent
viscosity indicated that the molecular weight of the polymer was in the
range required for useful propertifes., Vogel recalls that the first high
molecular weight PBI was prepared just prior to Christmas recess in 1959.
It had an inherent viscosity of about 0,5 di./7.

At once Marvel telephoned the results to Cibbs and recommended shifting
the work to the AF contract in order to expedite the work and to get it into
channels where the material would be used. This was approved and changed,
Further work was conducted on the AF progranm,

n- CO(¢

diaminobenzidina diphenyl isophthalate

+2n JOH + 2n-HP

\ £

poly(phenylene bibensimidasols)

Samples of the polymers were forwarded to the Polywmer Branch where
Dr. G, F. L. Ehlers conducted therwogravimetric analysis. The results wers
on the early polymers, but still, the wefight loss characteristics were quite
good,
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For several years, Marvel had been a consultant for the duPont Company.
Shortly after this time he visited duPorit and for the first time became aware
of tha work of Brinker and Robin-onn there, who had synthesized polybenszimid
azoles based on aliphatic dicarboxylic acids and aromatic diortho diamines.
These partially aromatic polywers, however, had much lower stability than
their aromatic cousins. Interestingly, the aliphatic free acids readily form
the imidazcles, whereas in the aromat{ > series this reaction is unsatisfactor:
Efther during this visit or another made rather soon after, duPont expressed
a willingness to conduct a six month program to determine the potential of th¢
PBI's as fiber-forming materials. This offer was communicated to the AF who
agreed to the plan. Very shortly thereafter, duPont initiated this effort,
utilizing thoir well-known capabilities to prepare fiber and evaluate the
properties, particularly the high temperature properties.

Although the data were =low in arriving, and the lack of adequate
communication betwean the AF and duPont was felt to contribute to this,
Marvel relayed the tentative results to AFML, Fibers prepared from dimethyl
sulfoxide solution gave tenacities over 2-3 grams/denier at room temperature
and they rstained very high percentages of that strength at temperatures up
to 350°C and perhaps higher. Fu-*her, the overall properties of ths fiber
were such that it could undergo any conventional textile processing opera-
tions., Thase results were extremely encouraging.

Larger scale follow-on research directed particularly toward the pre-
paration of high temperature fibers was next of concern. The duPont Company’
wvas awarded a contract for this and related effort. In a matter of some 3-4
months, the work was underway under the direction of Dr. A, Fraser of the
Textile Fibers Department. During the program the polymerisation was more
fully investigated, larger quantities of PBI were prepared and the fiber
forming process at the ladoratory level was investigated in some detail.

The first compishensive data on the mschanical properties of the fibers and
yarns under a wide range of conditions were obtained. The fiber was found
to have an advantage of some 200°F+ over the formerly used nylons, and a
.igntflc%t but smaller advantage over other new polymers under development,




E-17

As a result of the duPont program, it was clear that this new fiber
should be of considerable value for a variety of applications such as decel-
erators, reinforcement for high temperature ducting, high temperature tire cord,
etc., The strength at temperature was greater than any other available system,
In 1964 a program was initiated by the Manufacturing Technology Division of the
Air Force Materials Laboratory at Celanese Chemical Corporation for the develop-
ment of a commercial process for the production of high grade PBI fiber. This
in~luded process work on the starting materials, polymerization, isolation, fiber
spiming and preparation of yarns and woven articles. This program was success~
fully completed in December 1965. The yarn and woven articles are now under eval-
uation.

With the success realized in the fiber preparation work during 1960 and

1961, the adaptation of this chemical system to other uses was planned. However,
the means of utilizing this new polymer in applications, such as high tempera-
ture plastics, laminates and adhesives, was not at all obvious,

Plastic, laminate, and adhesive uses require that the polymer, at some stage
in the process, must be capable of being molded or formed. For nomreinforced
plastics this is accomplished eithsar by molding the conventional polymer at, or
slightly above, the softening temperature, or by the use of a pre-polymer tech-
nique. The pre-polymer technique involves the use of a polymer that is only
partially polymerized. This partially poiymerized polymer cenerally softens at
temperatures lower than the fully polymerised material and is easier to handle.
Altermatively, the pre=-polymesr is duoolnd in a solvent which is then allowed
to volatise and deposit the pre-polymer in a desired form, e.g., sheets or films.
The partially polymerised material is then heated, usually under pressure, to
oontinue polymerisation to completior to yield optimum properties. Basically,
the same approach is used for the plastics which are reinforced by fiber glass,
or other filamentary reinforcing materials, However, it is essential, in order
to realise reinforcemsnt, for the polymsr to coms into intimate contact with the
reinforcing medis to form an adhiesive bond. This is generally termed "wetting"
the reinforcing media. The same "wetting" phenomena is required for adhesive
applications. The partially polymerised material is then heated under pressure
to complete the polymerization. For plastic and adhesive applications
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it is vital, therefore, that the polymer be capable of significant softening
ard flow to permit molding and formation of the adhesive bonds.

PBI, however, in high molecular weight form does not soften or flow sip:
nificantly, even un:icr pressure, below temperatures where the polymer decou-
poses., There was no assurance that enough softening and flow could be obtair
even from polymers of .ower molecular weight (pre-polymers). Further, there
no assurance that if the polymerizatiori was stopped short of completion, that
the reaction could be made to contime in the mold or press in the presence ¢
other materials, eg., the reinforcing media or other substrates. lLastly, it
thought necessary to provide some means by which crosslinking between polymer
chains could be effected. Conventional reinforced plastics were crosslinked
polyuers, and the additional strength provided by this was thought necessary
provide adequate high temperature strength properties.

Mr. R. T. Schwartz, Chief of the Nonmetallic Materials Division of AFML
was the prime moving force behind starting research on the development of
approaches for plastics, laminates and adhesives from PBI, A program vas
initiated for research on plastics, laminates and adhesives from PBI and othe:
candidate systems with Narmco Research and Developwsnt, a division of Whittak
Corporation., The most active participants in this program were Mr. Sidney
Litvak, Plastics and Composites Branch, Normetallic Materials Division, APML
(see organisation chart Appendix III) and Mr. Harold levine, senior staff
chemist, of Narmco R & D. Early approaches were concerned with conducting the
polymerisation with an imbalance of amine and ester to yield a lower molecular
weight polymer which, hopefully, would soften and flow. This wes unsuccessful
and stoichiometric relations were attempted and interrupted shortly after reac
tion commenced to yield very low molecular weight pre-polymer averaging about
dimer or trimer, This pre-polymer was found to soften and flow under pressure
Equally important, it was found that this pre-polymer would contimue to poly-
merise in the presence of filamentary high tempereture fiber glass to yield
small scale laminates with very good strength, This demonstrated that a saties
faoctory adhesive bond was forming.

Initially this pre-polymer was dissolved in a solvent and cast onto fiber
glass which then would be plied into a laminate., The first two-ply laminates

were prepared and tosted in about April 1962, The results were very encouragi:
With this success, all other work in the program was halted and the entire eff!




placed on PBI. In addition, the overall effort of the program was expanded.

This shift in emphasis was justified when the experime.ital laminates were found
to possess exceptional strengths at temperatures of 800°F and hisher. In addi-~
tion, metal-to-metal adhesives formed from the PBI pre-polymer were found to be

very exciting. The first samples yielded 2200 psi lap shear strength (stainless
steel) after aging one hour at 700°F,

An important by-product of this work was the demonstration that it is not
necessary to have crosslinked polymer structures to obtain good high temperature
properties, if the material has a high enough softening temperature. The inter-
chain forces in the glassy s0lid, the physical state below the softening tempera-

ture for amorphous polymers,are sufficiently strong to give pood strengths,

A continuing series of developments made the PBI resin work a source of
satisfaction., A melt process was found for the pre-pregging operation which
avoided the use of solvents. Techniques were developed for the larger scale
purification of intermediates and polymerization which led to ample supplies of
polymer for the work. Successively lower cure temperatures and pressures came
out of further work. The dielectric constant and loss of the laminates were
found to be almost temperature insensitive, The use of mixsd esters of diphenyl-
isophthalate and diphenyl terephthalate gave improved high temperature strength
properties, a new polymerisation reaction using the diamides rather than diesters
were found to give superior aging at high temperature as a result of the lowered .
amount of volatiles produced during reaction. This latter development led to the
first 1 ‘e molded specimen of PBI, In addition the preparation of N-phenyl sub-
stitutec. 'BI's hes further improved the long-term aging qualities of laminates.
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In the fall of 1962, at the request of the Air Force to define their
commercial position in this PBI ares, Writtaksr decided to conduct the dsvel-
opment of certain PBI resins and adhesives as a corporate venture. This
group was headed by a vice-president of the company. This has culiminated
in the Imidite*1ine of Narmco products. This satisfied an objective of AFML
in that a source of these materials was now available to the Air Force, other
military agencies and to the aircraft industry.

Further development of the PBI resins and adhesives toward specialized

objectives has been contimued within the Air Force. A4 variety of procrams
to explore the utility of PBI in honsycomb, foam, sandwi_.h, and filament
winding applications as well as other arezs is underway.

A ———————

* Registered trade-mark name, Whittaker Corporation.
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APPENDIX I

General Chronology

Prior to June 58 1 - C, S, Marvel:

3 = Others:

June-Dec 1583

Jan-Feb 594

History of long participation to polymsr
field. Contractor closely affiliated
with objectives of AFML, Held opinion

that future of organic polymer for high
temperature lay mainly with aromatic

polymers,

History of productive research with
follow-on into development. Management
awvare of research and objectives,
Control of the research program ia hands

of working level personnsl.

Very small amount of effort overall in
high temperature polymers. Some few
selected programs under industrial
supports, on aromatic or heterocyclic
polymers,

Marvel becomes interested in preparing
aromatic-heterocyclic polymers via ring
closurs polymerization. Series of
papers by Erlemmeyer described polymer-
ization of p-bis-bromocetyl compounds
with bis-thiocamides to give polythia-
goles, Th’s is followed in late 'S8 by
a series o1 papers by Huisgen describing
preparations of monomeric oxadiasoles
via reaction with acid chlorides.

Work on above systems contimnue, Marvel
becomes aware that simple imidiasoles
have good stability via Monsanto report.
No method of synthesis is at once appar-
ent, Marvel is awvarded NSF grant., In-
vites Dr, Hervard Vogel to coms from
Germany for post-doctoral.




May *'S9

Sep 'S9

Dec '59

Jan-Nov 160

Mar '61

Jan 162

June 162

Jan-Mar 163
Nov 162

Jun-Aug %63
Oct 163
Dec %63

"6l
Dec '65

Marvel visits AF Materials laboratory and in discussion with
Lovelace and Gibbs, the idea of preparing PBI's by ring
closure polymerization of aromatic tetraamines and aromatic
diacide comes out. Marvel plans to try. '

Vogel reports. Marvel outlines four possible programs.
Vogel selects work on preparing PBI,

First high molecular weight PB.'s are synthesized., Work
transferred to AF contract.

DuPont becomes interested and initiates a six-month program
to do preliminary spinning and fiber evaluation. Results
come to AFML,

Contractual program with DuPont begins,
Program on PBI resins begins with Narmco.

First small scale preparations of prepolymers, laminates and
adhesives show promise,

First 14 ply laninate,

Narmco decides to taks-on PBI resins and adhesives as
commercial venture.

Melt coal prooess found for laminates.
New route to PBI resins via di-amides instead of di-esters.

AFML, Mamufacturing Technology Division, proocess development
work on PBI fidber begins.

Prooess development work begins on laminates with Nammco.

Pull scale evalmstion of PBI, fibers, yarns, tapes and
woven fabric degins,




. APPENDIX II

Research in Progress Under Direction of C. 3. Marvel Jusi Prior to and at W

Time of Discovery of PBI

A,

Polyarocmatics

1 = polyphenylenss via polymerisation of 1,3-cyclohexadiens and aromatis
tion. A

2 = polymers and copolymers of aromatic hydrocarbdbons, e.g., ethylensanth
oens, and pyrene,

Polymers Based on Inter-Intramolecular Propegation

1 - psn, of 1,55 1,63 1,7; diolefins
2 = pan, of diallyl silanes
3 = transanmilar psn.

Polyschiff Bases
Polyphthalocyanines
Polymeric Basic Beryllium Carboxylates

Heterocyolic Polymers
polypyridines via oximation of polyvinyl lmtones and ring-closure.

Ladder Polymers - via cyclic psn., of diacrylylmethane, oximation and rin
closure

Aromatic-Heterocyclic Polymsrs

1. mﬂm;mhuhn via ring closure polycondensation of p-=bis:

ddomacetylbensens with phenylers bis thioamides

2. Polypbenylens Oxadiasoles and Triasolsss via polyocondensation of ar<

matic bdis tetrancles with bs acid chlorides and bis imide chlorides

B e i e R
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YSIS

STASES I Y81 FISER DEVELOMENT

In discassion beiween Marvel, Lowslalis amd Otbbs, it is suggested that
reactisn of dicminobenzidine and srommtiz acids w1l lead to useful hi
texperature stablc polymers.,

Mavvel und Vogel find that the polgmerdsation cf rAipkenyl isophthalate:
diaminebemgidine form a high moleculse waight volymer. PreIimimary te:
shor the polymer hae very good thormal stabil*iy.

DuPent finds that the PBI's can be spun into strong fibers with outstar
propertios at elevated temperatwes.

Woven and Praided article¥ can be propared from PBI following work on i
ces:s which provides quantitiss of fiber,

leuonstration that woven and driaded articles frci: the fibsrs have supe
properties in appiscation such as:s deceleraters, expandable structures
reinforcenemt im tires, ducting, etc.

STAGRS I¥ PBI RESIN DEVEYCOPMENT
L

In discucsion betwsen Mervel, Lovelar: and (ibbs, it is suggested that -
reaction of diaminobensidine and arommtic acids will lead to a useful h
arperature stable polymer.

Marvel and Vogel find that the polymerisation of diphenyl isophthalate !
disminobensidins forms. a2 high molscular weisht polymer..

levire, et al., at Nermmo finds thet the polymecrisation can de stopped (
to yield soluble, fwrible polymer which cen be wsed to form a laminate.

Demonsiration thu® lamizates dassd wpen PBI haw ~mistanding strength a:

sections.

Iaminates of confiyuwcation similar to that to be used in future systems
are prepared and ~avaluated.

#currently underway
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FACTORS* CONSIDERED
IN ANALYZING EVENTS OF REls

From the study of all the cases, tks Committee selected a number

of the more prominent factors which seemea tc he operating with some

frequency in the identified REIs and listed them as follows:

7.
8.
9.
10.
11.
12.
12.
14.
15.

List
of
Factors Considered in Analyzing Events of REIs

High educational level (advanced degree) of principal imvestigator
Importance of management '

Importance of Government-sponsored research

Importance of recognized need

Requirement of flexibility to change direction during work
and local controi of funds (easily available resources)

Industrial laboratory involvement

Basic research in the laboratory (or institution or orgsnization)
Communications across organizations

Technical problem as the principal obstacle

Isportance of & "champion"

Preedos for individuals

Broad spectrum of types of laboratories

Geographic pro:imity

Prior experience with innovation

Organisational structure (harriers and bonds)

* The discussion in the section on FINVINGS in the main body of the
report amplifies the meaning of these factors in the context of the

analysis of the cases.
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FREQUENCY OF FACTORS IN REI'S
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SUMMARY ANALYSIS

1, Fibers: This case would appear to differ substantially from most other
cases due to the fact that a number of different organizaiions are actively
involved in the research and development as well as in the technical and admin-
istrative direction of the program. These include a govermnment laboratory, a
university and two industrial concerns. All of these participants played a
major role. The case gives a good basis on which to examine particularly such
features as communication across organizations, geographical proximity, the
importance of govermment sponnored research, the role of management and the
importance of a recognized need and +he inter-relation of these factors in a
research and development program.

This case is primarily characterized by the high incidence of Factors 1(5/5)

2(L/s), 3(5/5), L(5/5), 8(L/5) and 9(5/5). The importance of management
comes up strongly in several ways: (a) nature in which the AF laboratory is

permitted to approach the problem, (b) a constant level of support available
for conducting the research over periods of much less fruitful activity, (c)
the dependence of at least laboratory manazement upon the advice and opinions

of the working level technical personnel and, (d) keeping the research per-
sonnel informed of the kinds of rceds that exist., As the research proceeds

the management assumes a greater role in determining where the arear of appli-
cation are and hence the direction of the applied research and development work.

The progrem has been fully funded by the government, with the exception
of the six-month phase funded by DuPont. The use of govermment funds, there-
fore, was vital to the inoception and progress of this work,

The need for the improved material is probadbly the most important factor
in the case. The need was recognised by personmsl at every phase in the
Progran,

Due to the fact that several organisations were involved at lsast adequate
commmiocation bstween these groups at the working level or first echelon of
supervision wvas necessary. The normal means of commmication utilized were
visits, telsphons, and transmittal of reports. Due to the geographical non-
proxinity of these groups the mumber of personal contacts was probably fewer
than desirable. However, no particular effect of this was noted in the progranm,
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Perhaps as significant as the Factors occurring in a high incidence :
those of low incidence: 10(0/5), 12(0/5), 13(0/5), 15(0/5), 5(2/5) and L
Some weighting should be done with Factor 11, since this Factor, believed
important to the inception of the progrsm, became somewhat less important
the program proceeded toward development.

From- this analysis it would appear that certain of the Factors select
for evaluation of the committee are more important toward the beginning o
program or toward the middle to end phases and are not nesarly representat:
of the progran as a whole, A lilmly next step would be to isolate alil O,
2,3, 4, 5 and 6 type stages in the several cases and compare the O's, 1!
2's, otc,

2, Resins: As may be noted from the frequency of Factors indicated for i
sub-case, it is almost ideitical with the Fibers case above, and the comm
mede in the discussion there are valid here.
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A CASE HISTORY
CF
ANTIOZONANTS* TOR SBR¥* RUBBER

NARRATIVE

PROBLEM.

Prevention ol ozone cracking of diene-type rubbers.

BACKGROUND

Natural rubber as an engineering material was in use by natives of
the new world before Columbus discovered America. It wasn't until 1839
with the discovery of sulfur vulcanization by Charles Goodyear that the
technology of rubber made a significant advance. Since then many im-
provements have been made in the characteristics of rubber and the
processes used in natural rubber technology. One ol the difficulties
which has a historical baclgrournd was the problem that stressed rubber
developed cracks waen exposed to the atmusphere. At [irst this was
attributed to the sun or to light but was later shown to be due to a
relatively lov (below 50 pphm) ozone concentration in the air. These
cracls in natuial rubber were small but numrous and, although unsisghtly,
they did not usually result in failure of tie item. Alsc it was considered
that yubber had a relatively short lile and that a rcady. supply of new

items wae always available.

* "Antiozidant" is an occasional synonym for this term.
#*"SBR" 18 a common term for a class of Styrene Butaiizne copolymer Rubbers.
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0t thils seene came the problems associated with World War IX:
shortage of natural ruober, the use of reclaimed rubber, and the short
supnly of knowledge, compounding experience and long-term aging data o
& nev material variously called Buna S, GR-S, or SBR. This butadieie-
styrene copolymer was very susceptible to ozone craciking and differed :
natural rubber in that the {irst cracks formed did no: relieve the sur
stiress and \é.s a result, grew in size and depth so as to destroy the st
rubber. In conbtrast to this large volume, general purpoge, nonozone-r
rubber, were the higher cost specialty rubbers sucih as Neoprene, Butyl
Silicone, and Tulokol that have inherent ozore resistance. Since thes
specialty rubbers were much higher in price and unsuitable for many av
cations, SBR became the material of cholce for &ll automotive tires ex
the largest sizes. Today it 1s still a major polymer in the tire indun
Much developrent effort iras undertaken to procect It Trom ozone attack
such means as suriace coatings, compouncing wiih waxes and antioxidant
and by designing to ecliminate stre'ss points. However, none of these e
vas completely sacisfactory. At t_he same time, cunsiderzble eflort va
expended by various investimators to measure the ozone coutent of air

many liieraturce references are available on this subject.

ANTIORO! DEVE AT ROCK IBIAID RIA
The necessity for protection and storage of the large stocl: of
equipment on hand at the eud of Worid War IX, including rubber goods,




* pooapted che Amy Omdnarce Corps to let f copiracs in My L9045 with a
nonprolit institute for a "ldterature Survey on Aslng asd Stevage ol

Vulcenlzed Rubber Goods ."1

Tals survey served to poimt outl tagt there

vas then no good way to preserve rubber liems and thet arproprivte retaode
needed to ve developed. Ac a result, it was decided to prooe furiner and

a second more dei’initivc contract was let to deterumine ti.c factors resrone
sible for aging of rubbers. The prime contractor was one oi the m,jor
nationnl rubber companies and it was supported by a subcontract with au
acudenic :I.n.'s't'.:ltu.‘oion.2’3 The purpose of this effort was to provide a well-
srounded and ratioral basis for a systematic attac': on tue problem. Al-
though much wortiiwhile work of good quality was done wita respect to oxysel
and its reaction kinetics with rubbers, ozonc was nut recognized as a sis-
nilicant quantitative lactor. However, the qualitative significance of 1is
presence was by now geuerslly recognized. At about this time a paper’ by
Crabtree and Kemp of Bell Telephone Laboretories came to the attentioa of
R. F. Shaw, Chief of RIA Rubber ILaboratory.* Recll Telepione hnd an inie.ast

in the subject associated with the weather craciing of cable insulatior.

During this era, S8hoi's early work at RIA eiphasized various ren.s ol

del'cating osone attock 4n aa empirical way: development of coati..s usiig

* A brief discussion of the "Climate" of the RIA Rubber Laboratory (ulso
referred to as the Elnstomer Unit) is given on pages F21-r23. A short state-
mant of its history, resources and capabilitics is given on pages ¥17-r19.
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ozouc-resistant rubbers ,5’6 compounding with waxes and conventional
antioxidants, and studies of various polymers to determine their intrinsic
ozone resistance (using Crabtree-Kemp type cabinets for accelerated

testing).

In 1949 as event occurred that sharply emphasized the criticality
of the problem. To crosscheck Shaw's concern for tie Army's stake in
the problem, a research manager respoasible for nonmetallic materials
in the Off'ice of the Chief of Ordnance arranged to use old, but unused,
tires on truclis involved in a lubricants field wear test being conducted
at Benicla Arsenal. During this test these tires failed in lare numbers
after a very small fraction ol their expected normal l.'d’e.7 This cone
firmed Shavw's concern and jave additional impeotus to his efforts. It
also smoothed the way at higher headquarters for acceleration 01': his pro-

[

gram to solve the problen.

In regponse to tais new stimulus Shaw did two things: (1) he
initiated a study to detornine tue service life of old but unused Ord-
nance rubber items, and (2) he accelerated work at RIA concentrating on

mthodos

to reproduce, measure, and compare ozone cracking to ocbtain relial
data with wvaich %o study the problem systematically. In connection with h:
wry laboratory program he dispatched chemists to the Bell Telephone Labora.

tories to learn more details about their ozone cabinct constriction. Duri:




this visil Bell vorkers alsu dlscnssed uses to walc. Li.eir cablnets vere
pus and the compownd Ly woerlr thal wus evalunted la thems A few montlic
later L.ese Rock Yzlaad Apsenul chemisis also wealb to the Universily of
dev Mexico to observe appiratus for measuris, ntmospherie ozone contend
because it w@s antledpated that it mizht beeome oocescary Lo ascertain
nzone concentrations ai veiious Army storage sites. Vith this information
ndded to baclyground developed during the contract study o aglng focetors,
Shav placed lurther consracts in 1952 withi the laticnal Bureau of Standards9
and tue Mast Development Company for developuent ol reliable ozone fest
appuratus. He luntended tals apparatus Lo be uced initlally Lo obtain data
wmeaniagful for laboratory stxﬁies and ultimat~ly to be sultable for use

in Jovernmen: specification tests. In boti tnese efforts Shaw was project
officer. The Mast cabineil subsequently w2z deemed suitable for its purnose

and a significant wurber were marketed.,

Although much empirical sngineering-type compouniing was gencrolly
undervay (inclucing at Rock Island), Shaw f£inally decided that the probiem
varianted concentrated fundamental study. Accordingly, in June 1951 he let
u contract with the Augustans Mesearch Foundation to study the kinetics
of the osore/diene rudbber interaction with tae aim of understandinz ihe
mechanism well enough to control it. This Foundation was an am of Augus-
tana Colloge, conveniently located in Rock Islud, Illinois.

\ hm o aena A T
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Mea:wnile work continued in the Rock Island Arsemal Laboratory
on tae sereenius o compounding ingredienis tha' were ielt tn have the
slightest promise. AlLhough prectically none of these proved useful,
incluling the antioxidants, Shaw and his star? aoticed that Tenamsne
II, an antisludge additive for fuel oil, did show specific antiozone
activity in rubbers.® This confi;med irformation previousdly asquired
by Roci: Island chemists during their visit to Bull Telsphone Laboratories
for the purpose of discussiang ozone ~pbinets. At thut time, allliough thi¢
material seemed to be elTectlve, the mea s by wiic’' it worked were not
understood. Furtier, it vas gencrally Sonsidered foc taxic for safe use

in rubhber,

Based on his earlier recourse to resesarc. in suie program esd Lie
developins progress ol tle Augustana contract, Shaw concluded that this
kinetics investigation, allhough of good quality, would not prodwse de-
Tinitive inlormmtion soon enough to provide a theoretical basis for early’
devglopment of a practical golution., Furthermore, he was acutely aware
that production of unprotected tires continued and that the A.my vas buy-
ing a signtfican. proportion of ches.

After approximately six months' work on t!e purely basic scope of
the Augussenr investigation, Shaw decided to split his elfort. He would
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coantinue the systemalic study of the czone/diene reaction meci.anism in
hope o ultlmately uwuderstanding the fundamental aspects. Hovever, ae
would -also use « portion of the Foundation's efiort to follow up the

Tenamene IT clue. llerv vas somcthing that did work even though it wes

considered oo unsae to use.

Bacins s thinklag oa the phurmacolosist's approach, Shaw ressoned
that higher umalccul.  veizic and bulkier homologs of this caemical com-
pound would pocbadly . “tacn a*ticione potency. Also they would have
'_'Lmrcr vapsr presevre, woulf e retained in the rubber longer, and at the
sare tlne be less taxic. Accoxddngl’, e modificd the contract scope to
derivavgves and similir ccmpoamds. Thic vas tio class to vhich Tenamene
II belonged. Under the swpervasi®n of '.of, B¢ R. Brickson, chemists of
tae Fowdativa ayntineited mmy campowndsd % Stxrv’s spsciiied pharmn-
cological goals, Teees copjounts were regdaviy owahwated at tie RIA
Rusber aboretory ler their offigasy a8 ocgrw inhixitees in mubbers. This
Jaboratory fullly stulied the botGer smss fyme all sepects & swbber com-
Pownding @nd practisnl prosessing. Tas Wst were tried out in experimental
tiros, R/entually the survivors were biolngically cvalwsted and approved

vith respect to fresdom frem taxis husasd &y o ‘Aborat~ry of the Ary Surg=on

Gencral,



As the resuli of close personal communication with Rock Xsland zud
regular receipt of ils repoits, Detroit Arsenal enginecrs responsivle
for rubber automoiive components became fully aware of the ozone cracke
in® problen. They decided to supplement Shav's work with a cont;ractu
oi' thelsr own e.md Shaw furnished all available data from his own and bils

contractors' laboratories.

This resulted in a contract between Detroit Arsennl and Burke Re-
secarch and tie subsequent acquisition, in Septenber 1953, of experimental
sanples of phenylene dlamine compounds f1romn the Universal 0il Products Co.
These samples had been prepared originally for entirely diflerent purposes,
i.e., as a-protective agent in the processing of alfalfrs for Vitamin K, and

as an oil sludge inhibitor.

As the certalnty oi' a practical antiozonaut grew, Shaw contacted
several chemical suppliers in 1953 to insure a ypolenilal commercial source
of supply, which would be necessary il specifications wore eventually to |
reguire ogone-resistant tires. At that time the chiemical cuppliers proved
reluctant (o coumit thewmselves unless their proprietary rights cculd be
protected. This was not feasiilc becawse the un'que application of thece
coupounds rosulted from Army-funded effort.* BEventually mauy rubber

# Military Iuvention Record filed by R, F. Shaw, 29 June 1953.
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chemical coupanies did enter the {ield, including at least one that had
ordyinally demurred. Thedr ultimate judgment to produce these materials
appears vell [founded since the prescnt market is estimated at well over

14 million dollars per year.

As a hedyge against its possible failure, alternate in-nouse and
con:,mct]z vork continued throuzhout the Aucu.tam/m effort. Shaw con-
tiaued to explore coatingsl3 and other means of tire protection, suca as
covers.v' Eventually, as the Augustana compounds became avallable, the
RIA laboratory tried them in paint-on solulions and coatings for stock
tires. Althouzh solveni applications of experimental antiozonants wers
of meagsurable benefit, it became appareat thut their optimum employment
was wilh waxes as port of the rubber compound and ﬁhu is how tney are

used today.

The guccessiul doyolop-r.t..ot practical nontoxic antiozonants was
documented 1n subcequont technical reports during 1953 and 1g54,15-15
Other a@enciuw began to coafimm these results, and in August 1954 a
definitive technical article ves published by Shaw, Ossefort, and Touhey .20
As part of this progrem, vork on test methods®l and measuring devices®-

continued and an sxtonsive dbidbliography on otone was 1e8ued .23

«

The official implementation of this dsvelopment in behalf of the
Army vos sporsored by Detroit Arsemal through the Tire and Rim Association®”
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and by the issue, in Janusry 1955, of an Engineering Change Ordersy to
the military tlirve specilication. It required ozone resistance in tires
for the [irst time. Further implementstion followed later witl: establish-
aent ol MIL-STD-417, Ozore Resistance Tosts, in September 1957. Through-
out this pez*i;)d of the mid and late fif'ties o substantial number of open
terature publications, internal reports, and patents were issued as a

direct result of the progm.%-hl

After a long delay in Category 35 USC 267, caused by a shortage ol
lezal personnel in Washington, a patentx‘a vas iscued to Shaw in 1962 based
on the Military Invention Record he filed in 1953. The long-term storage
protection of these antiozonants in rubber was conclusively proven after
ten years of outdoor -ca:posu;‘eh3 a% Rock Island Arsenal.

Endustriel interest 1s nov clearly evident because there are fiftcen
suppliers who provide forty chemicals ol 'tnis kind to tiie market at the
present tim. The mast recest indication of the valus of this developwent
vas shova 1a & paper®’ given at the Amsrican Chemical Society Rubber Divi-
sion weeting in Mareh 1965, It stated: "It is conservatively estimated
that the annual usage of antfosomauts in tie United States in pausenger
tires exoseds 34,500,000 pownds.” To this must be added the many other it
in the mechaniscal rubber goods field.

R o e Lt a ]
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APPENDIX A
T0
CASE HISTORY
OF
ANTIOZONANTS FOR SBR RUBBERS

The Eliastomer Unit - RIA Laboratorys*

I. Historical Background

The Ordnance Research Program at Rork Island Arsenal in the area
of s, ntheti¢ rubber was first funded in FY 47. Rubber development work,
however, began on artillery and tank end items in 1935 on a specific
problem basis. This background assisted Rock Island Arsenal in becoming
established in the rubber field. It was recognized that the Ordnance
Corps was the largest user of rubber products within military agencies
and that a continuing effort should be made to keep "in house" capabilities
in the forefront in this rapidly changing fileld. All areas including basic
research, applied research, end :lt_em developuent, testing and standardiza-
tion were included in the assignment and scope of effort.

Specific Accomplishments Include:

Antioczonants: - The class of ﬁinnql-p-pmnyhm diamine antiozonants
was discovered. These are now widsly used in rubber products to the extent
of seversl million dollars worth per year.

Heat Resistant Inhibitors: A family of inhibitors for improving
thermal stability of elmstomers in the 250F-300F range was developed. These
arc useful in heavy duty military hardwvare applications. |

* These data were prepared for ancther purpose in 1963. However, the elements
of information are essentially valid for the period of this case.




Low Tempe. ature Performaince Meosurement: Tests for low tempera-

turce Clexibility and brittleness of elastomers devised and described by
this laboratory and accepted by ASTM and JSO as standard.

Machine Cun COExga_nents: Most recently elastomeric coverings havirg |

outstanding properties were developed for use in the M60 machine zun.
The laboratory also acts as general consultant for elastomer
hardware problems encountered in other former Ordnance installations, i.e.,

Picatinny Arsenal, Redstone Arsenal, ATAC, etc.

I¥. Personnel
By Degree
1 - PhoDo
2 - M.A.
9 - B-A.
2 - Technicians

I, Pecilities

13,000 sq. ft. of space is avallable for experimental work.

IV. Specislized Equipment

A complate line of rubber compounding processing and testing
equipment is available. Specialized equipment includer cryogenic test
chagber, and a high intensity cobalt 60 source. Also available are the
necessary laboratory rnczn;m and equipment for monomer synthesis and
polymerization. A rubber processing and fabrication pilai plant is avail-
adble for smnll production and semi-work studies.

N
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Ve 'gg_:_ of Work

A,

B.
Applications

c.

linking

He

I.
Silicones

J.

) . K
tract)

M.

Ne.

Test & Evaluation ¢’ New Elactomers & Compounding Ingredieats

Development & Iuprovem:nt of Rubber Formulations for Army

Liguid Butyl Rubber Systems for Radiological Shielding
Iizh Bulk Modulus Cellular Rubber for Army Aprplications

New & Improved Elastomers kesulting from Grafting and Cross-

Polyer Physical Properties & Structure
Dynami- Low Temperature Test for Elastomers
Development of Impro»-ed Rocket Motor Case Insulation Liners

Improved Thermal-Oxidative Stability of Fluoroelastomers &

Silicon-Nitrogen Polymers (Midwest Contract)

Iov Temperature, 0il Resisiant Polyurcthanes (Wyandotte Con=~

Polyphenyl Ether-Siloxane Copolymers (iaugatuck Contract)
Developmont & Evalustion of Folyurethane- Track Peds
Dr:alopment of an All Purpos2 Brake Cup
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THE CLIMATE

During the period of this case, the RIA Laboratory was charged with
a dual mission: a. direct support of Arsenal manufacturing, i.c., process
control, product testing and trouble shooting, and b. national responsi-
bility in rubber research for the entire Army Ordnance Corps. Although non-
metallic materials were a rinor concern within the Arsenal itself, the rubber
work had national significance. Army truck tire inventories exceeded
$75,000,000 and mechanicel rubber parts were often critical components in

military weapons and vehicles.

At the bveginning of this case the Laboratory Director was a metallurgist
vhose interest in nonmetals was minimal. Subordinate to him and working
with & fair degree of autonomy was a chemist in charge of Nonmetallic Mate-
rials Research, This individual had taken his Ph.D. in Physical Chenmistry
at University of Iova in the 1930's and later had specialized in rubber
chemistry. During World War II he served as a technical staff officer in
Vashington dealing with rubber matters. In 1946 R. F. Shaw was hired to
head up RIA Laboratory packeging work. However, his previous background
(details in another section) and inclinations ceused him to be put in charge
ot ¢ nevly ",oflrubnlhnd Elastomer Unit. Somevhat later the metallurgist
»etired as laeboratory Director and the then Chisf of Nonmetallic Materials
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sucveeded hime  Av aboul the zame time Shaw stepped up as Chief of None
netallic Materials Researci. Tous, throughout this case the principals

co.xdned 4o tae suarxee relatlon to cach ather.

The new Laboratury Director was a competent and conscientious person
convinced ol the merits of fundamental resecarch. Shaw, then in his late
tventics, vas enterprising, pragmiic and on the lookout for major Army
problems for his ne' Elastomer Unit to solve. In a short time he built
an infomnlvmwor:: of contacts linking his national Oidnnnce customers.
These included rutber techinical service people at large O'dnance installa

tions and key stafl people at tae Washington level.

Soon the higher stalf was sold on the importance of his prozram and
they promoted it with persoral encouragement and program funds. Similarl
close liaison gfev between his own laboratory staff and engincers elsevhe
in the Arry responsible for using rubber items, ¢.g., Ordnance Tank-Autou
Center, Detroit Awsenal. This was achieved by personal visits, notes and
tcl@:phone calls as well as by the more formal exchange of reportgs. Withi
the Elnstomer Unit Shaow provided strong motivation » leadership and tecani
dircction, However, he judiciously balanced thece with broad delegation
responsibilities to the more competent investigators. Accordingly, tae

group hod the sense of being & team on which all Ployed with enthusiaem a



F-23

expectatioa 9. ruccess. Sinultancously, cloce wori:;ln;_; 1relations were cultl-
vared wit: the acaleoic and industrial comounitics in u clinmate of autual
eupoet.  Thiz was done nol only by funded research contracts but also by
cizze.sive voluntary participation in cooperative technical activities of

nebicaul soclicties.

Thus elfectlre cumunizations existed within the woridng groups that
nroduced results, with higner echelons that shaped policy and controlled
~wds and with the custoucrs for whose beneflit roldicies were promulgated

aad programc Cunded.
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Shaw, Robert F.

1940 - AB (Chemistry) Augustana College, Rock Island, Illinois
19%0-42 - Chief Chemist, American Container Corp. (battery cases)
1042-46 - Engineering Officer, USN w/station at USN Engineering

Experiment Station and later aboard ship

1946 to date - Chief, Elastomers Unit, RIA Leboratory
Caief, Nonmetallic Materials Research

Member - American Chemical Society and iiLs Rubber Division;
American Society for Testing Materials and Society
of Automotive Engineers. Active in rubber committees
and working groups of the latter two.
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ANALYSIS
o
CASE HISTORY
OF
ANTTOZONANTS TFOR SBR RUBBERS
DESCRIPTION OF
RESEARCH EHCINEERING INTERACTIONS (REI's)

Dascripiion

termination of the nature and extent of tie rubber aging prob-
lem. (e nonprofit research institute)
Interaction belveen an Eugincering Requirement and Applied

Researcih.

Atteant to: (1) jdentify and meusure all Tactors (1.e. light,
oxyzen, ozone, stress, etc.) responsible Tor rutber aging, and
(2) deteraine their significance alone and in ccabination.
(research stafl of a national rubbér company supplemented by an
academic institution.)

Interaction between an Engineering Requirement and Applied

Rescarcii.

Decision that the problem \nmnud fundamental study of the
ozone«dicne interaction in order to understand the mechanism
vell enough to control it. (Phase I - Augustana Research
Fourdation)

Interaction of wnsineering Requirement with Pundanental Research.
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Shaw's decision based on results of regeo.rch to date that:

(1) the fundamental study of the ozoné;diéne interaction would
not produce theoretical understanding soon enough to provide
an early solution, and (2) that he would divert part of the
cffort to following the Tenamene clus to an early engineering
solution.

Interaction between Fundamental Research &nd an Engineering ARe‘-

quirement.

Synthesis of higher molecular weight phenylene diamines by Prof.

E. R. Erickson et al coupled with proof of their antiozone potency
In elastomers and 'developnent. of optimum engineering application by
RIA Lavoratory. (Phase II - Augustana Research Foundation)
Interaction between Applied Research and Engineering Applications.

Ay
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STAGES AT WHICH REI's OCCURRED

Stages* REI

o . a, b, ¢ Knowledge

1 d Recognition of pos-
sibility of new
material product

2 e Creation of useful
material form

3

4

5

6

* Stages were defincd by the Committee for purposes of this study, as follows:

STAGES
Definition .

Scientific Tinding (knowledge)

Recognition of new material (process) possidility
Creation of usaful material (process) form

Feasibility of uwsing the material (process) in hardvare

F ow np e Olg

Poosibility of using the hardware containing the material
in a system .

Production of the system (product)

\S .}

6 Operation of the system (product)
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PACTORS CONSIDERED IM
ABALYZING EVEWTS OF REls
From its study of all the cases, the Commitiee sclected a number or
thc more prominent [factors which seemed to be operating witih some fre~
uuency in the identified REI's+ The statistical analysls of the [requency

ol these factors in this case 1s shown below.

FREQUENCY OF FACTORS IN lEIfs

(statistical Analysis)

Factor : ~ REI Tote
Ho. ] a b ¢c d e
1. High educational level (a.dva.nced degree) of x 175

principal investigator

2. Importance of management 0
3. Importance of Government-sponsored research X x X x b
4. Importance of recognized need X X X X X 5/¢
S. Requirement of [loxibility to change direction x x 2/

during vork and local control of funds (easily
available resources)

6. Industrial laboratory involved x 1/c

7. Basic research in the laboratory (or inst. or 0
org.) |

8. Communications acrocs organizations was x x 2/
important .

9. Technical problem was the principal obstacle x x 2f

10. Importance of & "champion" x x x 35
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Funtor REX Total
6. s . a b ¢ ¢ e

1l. PFrecdom for individuals X % 2/5
12, DBroad spectrwi of types of laboratories lx X, 2/5
1!, Geosraphic proximity X x 2/5

1''.  Prior expericice vwitl: inaovation B 0

1y, Orgaaizational structure (barriers and bonds) ' 0
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SWOMARY ARALYSIS

fmn cage is not necessarily typlc¢al nor is if an example of Nasearch
Engiaeering Interaction of the same order of magnituyde as gilicone or
polysullide rubbers. However, it did produce significantly better vseful
properties in the military's largesst class of elastomeric materials and its
impact én ciyllian rubber industry is evidenced by an amnual cansumption aof
14.5 million pounds of antiozommnts for passener tires alone.

The sequence of evewnts does not evolwe directly from pure S¢ience
into Engineering (rubber tachnoldgy is treated a; the equivalent of* en-
g:lneering in this case). Rather it is neerer to an Bugineering/Science/
Engineering cycle. First there wes Yecognition of the need for a better

engineering material. Next came the recourse to science to: {a) defins

-** 'vthe problem, (b) isolate portinent paremeters, (c) understand the major

v

" uncontrolled parameter (ozone attack). Finally came the synthesis of a

nev material effective for sale engineerinz application.

Throughout all stages, Factor &, the "Importance of Recognized Need,"
17 » major driving force. This is not surprising in the case of a military
laboratory assigned to supporting recearch for ordmmé systems. It is
interesting to note, however, that the emphasis on this need was highlighted
by Factor 10, the "Champion" wko promoted -'the program, maintained its
impetus and produced results. : i
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Factor 3, "Iuportaunce o Gorernmcnb-Spousored Rescarcn" ls noted in
cousr out 'oi‘ the five stages. Asain this 1s to be expected in a case cone
ducted principally by a nilitary laboratory and its research contractors.
(Government-sponcored research in this inctance is research directly

associated with tids particular case and not with research precursor to it.)

However, during what is perhaps the most critical Int:raction d,
Factor 3 is not present. Rather Factors 5 and 11, "Flexibility" and
"Freedom," predominate. Shaw's decision to use part of his resources
to synthesize a sale phenyienc diami e was Lossible only because he had
the personal Treedom to conirol his own course and the flexibility to change

its direction.

In Interacticns & and e ;)nny of the other identified factcrs are also
present.  Of these, Factors 8, 12, and 13, "Communications,™ "Broad Spectrunm
of Laboratories »" and "Geogrephic Proximity" are next in significance. They
allced Rock Island to work closely with Erickson of Augustana as a com-
Plementary team to implement Shaw's- key ¢ocision vith meximum effectiverness.
As used here "Geographic Proximity" refers to the nearness of the RIA
applied rescarch and engineering laboratory to the basic research capability
o’ Augustana Regsearch Ingtitute. It doos : .- refer to the distance between
the RIA Laboratory and Detroit Arsenal, the & rstems designer, several hundred
miles away. It was good "Communications” ctimulated and maintained by the

"Champion" that effected thic essential iirk.



The absence of Factors 2 and 15, "Importance of Management" and
"Organizational Structwe,"” are primarily attributable to qualities of
the principe’] investigator who was thé arch type of "Champion" cited in
Factor 10, He .created his owa mg.nagement support as needed, and by acting
As a good communicatcr ﬁand promoter, he eliminated whatever organizational
barriers may have exisﬁéd. At the same time he made maximum use of organ-

izational bonds. (See "Climate.")

The absence of Factor 7, "Basic Research in Laboratory," is partially
compensated by the nearnes: and close working relations with Augustana

during the crucial and productive Stages d and e.

Fortunately Factor 1, "High Educational Jevel of Principal Investi-
gator," 1s not the only criterion provided in tais procedure to characterize
the key individual. In thls case, and several others, Factor 10, "Importance
of a Champion," 1s worthy of special recognition. Shaw highlighted the need,
acted &8 the focus of communicuztion, promoted the program, maintained its
impetus and produced sesvlbs. In many ways this is ve?y close to that
combination of quelities refeired to by Shepard: "A creative but pragmatic
imagination; j:sychologicul scewrity and an autonomous nature; an ability
to trust others and earn t . broust o others; great energy and determination;
a een#e of timing; skill iu organizing; and & willingnecs and ability to be

Machisvellian where that 1s whai the syptem requires,"s

% Shepard, H. A., "Innovation-Reclsting and Innovation-Producing Organization
Paper presented to the Institute of Managerial Sciences at the Meeting of t.
American Association for the Advancement of Science, 30 Dec. 196!, Montreal
Canada, p. 8.
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CRITICAL POINTS

Departure from the idea of protective coatings as & suitable solution

to the problem.

Rock Island Arsenal's recognition that ozone deterioration was a
significant problem. Fallure of truck tires during the Benicis

dubricants test pointed up the Army's big stake in this problem area.

The switch from measuring ozone and development of measuring devices

and test apparatus to active measures aimed at solving the problem.

Realization that Tenamene II was a real key and that similar compounds

more acceptable for rubber processing could probably be synthesized.

Prediction that increasing the bulk and weight of phenylene diamine
molecules would overcome defi:iisncies vhile retaining antiozone

specilicity in diene rubbers.

Expansion of the Augustana contract from a basic reaction mechanism
study to inclvde half its effort in synthesis of new materials.

The break awvay from evaluntibn techniques for Vassesung ozone cracking
and emphasizing prevention and zero cracking criteria for acceptance

testing.
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~

e Issue of Military Specification MIL-T-12459 Engincering Change Order

1§0996 -! e

Q. Issue of U. S. Patent 3032520 to R. F. Shaw.
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A CASE HISTGRY OF.
THE DEVELOPMENT OF PYROCERAMJ BRAND GLASS-CERAMICS

NARRATIVE

In the period betv. een 1941 and 1953, Dr, S, D. Stookey h1ad been investi-
gating the photosensitivity of glass. He had progressed to the point of
developing compositions in which colloidal metal crystals were precipitated
by ultraviolet light. Upon heat treatment, silicate crystals formed in the
glass on the metallic nucleation sites, thereby opacifying, or rendering the
material translucent, Work on composition, process, and product develop-

ment was under way to exploit this research.

In this research in photosensitive glass Stookey began to realize what
profound changes could be brought about by a trace quantity of an effective
nucleating agent, This realization was brought into sharp focus by an
accident, which turned out to be one of the most important factors in the
development of glass-ceramics., This accident was the fault of a furnace
temperature controller, which allowed the furnace to heat a plate of ex-
posed photosensitive glass 300° C hotter than the control setting, Ex-
pecting to find a pool of melted glass when he opened the furnace, he
found instead a plate of opaque, predominantly crystalline material that

was much stronger and harder than the original glass, This was the first

. *
ceramic-from-glass,

This rnaterial, a valuable material in itself, still required nhotonucle-
ation. It soon became obvious that controlled crystallization involving
thernial nucleation in glass was both feasible and useful. The next l;tage,
the development of thermally nucleated materials,involved the expansion
of the knowledge gained in the photosensitive experiinents described above
to a general theory of nucleation, the search for other nucleating agents,

and their use in a wide range of compositions,

* In 1958, Dr. Stookey described the events in a paper presented at the
Industrial Research Institute,
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As soon as Stockey realized how broad the range of glass-ceramic
compositions might be, the nature of the research was changed to a team
effort, directed toward two goals, Additional staff was assigned to compo-
sition research, and additional time in the experimental melting shop was
allocated. One objective was to explore the important composition fields
and obtain the necessary information for preparing patent applications. The
other was to select a few promising compositions and begin the development

of processes and préducta.

Pursuant to previous experimental work in the evaluation of glass as
a material for radomes, some samples of glass-ceramics from the first
crucible melts were subjected to tests including whirling-blade rain erosion,
The results indicated that the crystallized materials had greater strength
and remarkably high resistance to high-speed impact compared to glasses
and most ceramic materials, This immediately focused atteation on ra-
domes for high-speed missiles as a possible application, Indeed, some of
the earliest thermally nucleated glass-ceramics were found to have still
higher strength and hardness, better thermal shock resistance, and better
dielectric prope-ties at radar frequencies than the photo-nucleated material.
Tests by defense agencies verified that these glass-ceramics had good prope:
ties for radomes; so, although production was still in the crucible stage, a
development contract to determine the feasibility of radome production and
to obtain radomes for evaluation by the defense agencies was undertaken and
successfully carried out. This involved pilot plant production of radomes
under Dr. Ben Allen, whose coordination of melting, forming, and finishing

development produced ussbls items within a very tight timetable,

The Research Director had by this time alerted the company's top
management to the radical nature of the discovery, and the President charged

line management with exploiting the discovery in every way possibie,

From this point on, as other compositions having new and useful combi-
nations of properties were developed, it became necessary to establish

product-development groups, Other company divisions outside the Laborator)



began to take part, and the rapidly mushrooming number of problems

became complex for all levels of management,

A wise decision was made to expand the fundamental research group
and not to yield to the temptation to concentrate entirely on product de-
velopment for immediate marketing, However, as interest in consumer
skillets developed, supporting services of R&D division were brdught in by:

a. The Melting Research melt shop to speed up experimental melts,

b. The Technical Services group to measure electrical properties,

c. The Product Developmenf group to evaluate proposed applications,

d. The Consumer Marketing groups for shape, design, decoration,

service test and market evaluation,

Also, backup by technicians and administrative services speeded up

experimental work,

The next episode in the story of PYROCERAM® Brand materials was a
successful run of a general-purpose glass-ceramic in 2 specially-rebuilt
full-scale production tank, This glass-ceramic was used for many kinds
of articles, e.g., ball-bearings, pipe, skillets, sheet, and large telescope
mirror blanks. This production represented a million-dollar gamble by
the Company, with a glass that had to be formed 100°C hotter than any
production glass made previously,in addition to posing many other new

problems for production,

A very difficult management problem was to decide when and how to
make public the new developments, It was known that an invention of such
complexity and broad scope would probably require years to perfect com-
pletely, so that immediate public announcement in some respects would be
premature, On the other hand, incomplete and distorted stories were
beginning to circulate through grapevines, The announcement was made at

the time of the dedication of the new Corning Laboratory, on May 23, 1957,
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The response to this announcement amazed everyone at Corning. A
deluge of about 10,000 requests for information resulted. In order to cope
with these successfully and to tie together the activities of the various di~
visions of the Company in this field, a coordinator for glass-ceramic

materials was appointed by top management,

After this, under the urging of Mr, Watez‘"inan, and the product develop-
ment work under Mr, Voss, a major effort was made to produce consumer
cookware., First production runs were under a project engineer, Dr. George

Bair, and the need for meeting a favorable market date spurred the effort,



APPENDIX A
T0
CASE HISTORY

ON
THE DEVELOPMENT OF PYROCERAM® BRAMD GIASS-CERAMICS

The Corning Glass Works

A. GOALS AND STRATEGY OF THE COMPANY

1. Competitive Situation of Company

The glass industry tends to distinguish itself from the ceramic industry
in that its fundamental processes, unlike its materials, are distinct. Further,
the processes are the basis of the classification of the industry into the flat
glass, container glass, pressed and blowvn glass, and glass specialty groups.
The 1958 sales volumes were:(‘l)

Flat Glass $385 million
Containers 862
Pressed & Blown uis
Specialties 469

$,16

The Corning Glass Works had sales of $159 million in that year, with research
and development costing $7 million. Its product divisions reflect the kinds of
markets which the company served: elactrical products, including: light bulbs,
radio bulbs, televisicn dulbs, fluorescent tuding; technical products, including:
ladoratory glassware, chemicul industry process ware, optical glass; Consumer
products, including houseware, tableware, ovenvare, and new products, including
radomes, aircraft windshields, glass resistors and glass capacitors.

In regard to the successful applications, redomes and cooking ware,
there existed at the time no market in the uense of competing against materials
or products of similar propexties. That is, the missile industry, previously
content vith fiberglass reinforced plastic radomes was confronted for the first
time with high welocity flight through a rainstorm. BErosive destruction of such
radomes provoked a search for a strong, nard, dislectric material. In the cook-
ing wvare line, competition came primarily from mstallic containers, ceramic
cookware nsver having been highly developed technically nor marketed aggressively.

(1) Ceramic Age, January 1965

‘ o , ‘ - C e e v ity
I —— VORI T Y N - S e
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In this period, sales rose from $149 million in 1953 to $201 in 1959.
Net income per share rose from $1.86 to $3.57.

2. Company Policy Influencing R&D Efforts

Company policy is best indicated by %he establishment of a laboratory in
1908, opne of the first industrial laboratories in the nation. Its first full
time employee, Dr. E.C. Sullivan, was active in the company's technical program
as an advisor in 1960. He had in those years been Research Director, President
of the company, Reaearcfi Director, and finally, honorary Board Chairman. He
brought to Corning W. C. Taylor, J. T. Littleton, and H. P. Hood, all pioneers.
They spent their entire professional lives with Corning and became respectively
Vice President and Director of Technology, Vice President and Director of Re-
search, and Head of Chemistry. The prese—t research director, Dr. W.H. Armisteal
is a corporate Vice President. Attitude is reflected by a statement from the
196 Annual Report "Corning has long believed that corporate growth can best
be achieved and accelerated by vigorous cortimuation of a large and expanding
program of regearch and development. Research and Development expenditures
(for 1961) rose to a new peak of $10,71k,482, or 4.7 percent of saies. This
ratio is considerably higher than the aversge for all manufacturing industry
in 4he United States.” The research effort has constantly been supported
with new buildings. In 1908 the laboratory occupied 1200 square feet. In
1939 a new building of 61,000 square feet was built, in 1997, & new complex
of 189,000 square feet was built, and in 1965, a new complex of twice this
size was under construction.

Growth of 3ales and Research Budget in period 1952-1959:

1952 ~ $126 million $3.29 million
1953 149 5.22
1954 48 ‘ b.bg
1955 153 5.32
1956 3 k.79
1957 159 ) 5.63
1958 159 6.90
1959 201 8.13

All raterials research, most product development, and most process develop-
ment during the pericd 1952-1959 was done in Corning, New York area within a
qsographi: radius of 1/2 mile.

- - = —— _ - —— — A
It - - - 4 e LR ] v v » > N
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3. Iimitations Imposed by Management

Iimitations imposed by management on the research program were those of the
Research Director. To a major degree, the consideration of the needs, cayabilities,
and guidelines set by the product divisions was inflnentul

4. Orientation of laboratory

The competitive situation was primarily on the basis of costs rather than
technical competition, since few glass companies had a financial position to
Justify large research programs. Those companies which were large were flat
glass and container producers, and did not at the time enjoy a major position
in "pressed and blown" glass such as consumer or technical glass. The Corning
laboratory had been well known, and in the industry's circles was recognized for
its orientation towards exploratory research in glass chemistry and physics.
However, at the time of the discovery of the glass-ceramic, only a very smll
"raction of the technical effort was alloceted to basic research; a riwl, exist~
ing product, television bulbs, was consuming practically all awailable people.

B. CLIMATB FOR WORK

1. History .

During the early fifties, the company tended to shift its publishing
philosophy to greater freedom, particularly in the research on the chemistry
and physics of the glassy state. Frior to that, pudblication, particularly of
manufacturing details, ves quite limited. Patents had always been vigorously
sought for compositions or prosesses vhich were to be marketed. Other detsils
of technical knovledge were considered proprietary. Formal reporting systems
developed as memoranda until about 1545 when a system of laboratory records
vas imposed, vith a system of individual progress reports deing developed
about 1953.

2. Tacilities and Rersoamel

The laboratory had operated as & formal group since 908 under
Dr. E.C. Sullivan. By 1938, the staff consisted of 1! chemists, physicists,
engineers, glass technologists ard assistants. By 195€, the staff reached the
level of 350. In 1939 Dr. Sullivan, wbo hed besn Presidcnt of the Company in
the twenties, was Director of Research. He supervised Dr. Idttiston, in charge
of physics, and Mr. Taylor, in charge of chemistry. In 194, Littleton became
Director of Research and Taylor became Director of Glasr Tucii0wogy, & |
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mamufacturing sdvisory group. Littleton contimued until 1959, when Dr. E.U. Condol
became Director. In 1954, Dr. W.H. Armistesd became Director of Research, and
latter became a Vice Fresident end Director of Technical Staffs. The position

of Research Director reported either to the Fresident, or in recent years, to a
Vice President for staff groups. Also in recent years the company had formed
product divisions, i.e., Technical, Consumer, Electrical, and New Products which
also reported to the President through General Managers, ususlly vice presidents.

3. Organizational Structure

The laboratory during the mid-fifties was organized into departments,
each with a Manager reporting to the Research Director. In addition, a process
research and development group headed by the late Dr. Ben Allen reported to the
Research Director, forming with other research groups a "Melting Research” group.
This team played a vital and multiple role in bringing new developments into
production. Fart of the group was housed in the Research Iaboratory and its
staff bad traditionally worked closely with the Research Staff. Other parts of
this group were housed in a pilot plant, and its staff bhad worked closely with
wanufacturing groups through process development and break-in stages.

The research groups, having been physically located priocr to 1957 ina
laboratory surrounded by the manufacturing plants, had been accustomed to closely
watching melting and forming operations vhich were in & treansition from laboratory
results. That is, since the pilot plant concept had been of recent introduction,
mich experimental work was accomplished in the manufacturing plants, and research
people took a parml interest in progress.

The laboratory prior to 1950 had little formal structure other tham the chief
physicis.. and chief chemist. New personnel were assigned to "work with" semior
scientists in various areas, but there was no hierarchy of titles. The general
philosophy in the fundamental field was that the individual best knew the areas of
interest in vhich he should work, and assignment of research objectives was rare.

4. Channels of Commnication

In the late thirties, the staff reported daily its work, by dictating e
fev notes which were typed and then read by the Research Director. Iater,
monthly reports were rrapared. By 1951, a formal system of reporting research
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results wvas adopted, each report being in effect a summary rerresenting s sig-
nificant amount of work or @ significant 1r.navn‘cion.‘ Later, a systeam of monthly
technical staff division reports was initiate’, and summaries were widely distri-
buted to executives and '‘new product" people in manufacturing divisions. Aleso

a semi-annual progress meeting was held in the Research Director's office, and
concerned persons from division sales, marketing, engineering and development
were welcomed. These communication channels were actively promoted by an

Associate Research Director performing all staff functionms.
Communications at research level were accomplished by:

a. Six-month project review meetings to which operating division people
are invited.

b. Divisional monthly meetings to which R&D administration is invited.

c. Circulation of monthly laboratory progress reports to research,
product, process and manufacturing division people.

5. Pressures and Controls

Problem definitions and new business opportunities were usually orally or,
occasionally by memc, communicated by division managers to the research director,

who was in complete charge of allocation of the research budget. At the time of
the PYROC!RAHG) brand glass-ceramics work, however, the extreme pressure for work
on television products captured a major proportion of the staff's attention. This

pressure was very great in the early fifties, and then receded.
6. Motivation and Morals

One important feature of the quickness with which the technical and non-
technical people grasped the significance of the PYROCERAM® brand material was
the company's product history. Since 1912, wvhen the low expansion borosilicate
glass had been invented to withstand heat shock, the company had recognized the
great importance of a low thermal expansion. This avareness permeated the
company. When the first glass-ceramic had such a property, better than most
glasses, coupled with higher useful strength, the commercial application was
immediately appreciated. It may seem trite to say that "morale is high," but
reasons for this are strong. PFirst, the laboratory was established in 1908 by
Dr. Sullivan, who for over 50 years continued to be the senior technical man
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in the company. He shaped the philosophy of genmerations of executives to an
appreciation of the value of research investment. Thus, the scientific staff

has been given excellent facilities and a climate of patience to which the
creative person responds. Nevertheless, the staff was physically close to the
plant, and direct involvement was encouraged. In later years, a generous

attitude toward travel for technical meetings and for memberships in technical
societies, along with a good librery and supporting staff, created an environment
that the stsff appreciated.

T. leadership

The organization structure, as it develored in the fifties, followed much
more the line of fitting the structure to the skills of the people avallabdle,
than to fitting the people available to a structure. Thus, emerging leaders
could be suitadbly advanced, thus strengthening the whole team. This was
particularly valuable in the process development and pilot plant area, where
a leader was established who worked well with both research, engineering and
¢xecutive level people. '

Fortunately, formal and informml leadership seemed to be coincident.
Armistead, who had become Research Director by the time the glass-ceramic started
to get fresh attention (due to the relief in pressure from television product
problems) had shared an office with Stookey, and was quite familiar with his
ability in research. At the same time, Armistead himself had always lived
close to the effort to get new compositions for new products, and wvas therefore
quick to exploit what was obviously a bdasic inwvention. Murthermore, he had
worked on projects 8o vital to the company that top management had known him
for & long time and at first hand.
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C. BIOGRAPHIES OF KEY PERSONNEL

Allen, Ben
Experience:
1950 - CGW Research Chemist
1955 - CGW Manager, Melting Department
1958 - CGW Director of Melting Technology
1960 - CGW Director of Engineering
Education:

Cornell University, Chemistry 1946 B.S.

Cornell University, Inorganic Chemistry - 1950 Bh.D.

Critical Reriod
1956 - CGW Manager, Melting Department
1957 = CGW Manager, Melting Department

Memberships in
Technical Organizstions:

American Chemical Society
American Ceramic Society

Sigma Xi
Armiste Wi H.
Experience:
1941 to 1954 - CGW Research Chemist
1954 - CGW Manager, Melting Department

1954 to 1956 - CGW Nesearch & Development Director

1956 to 1961 -~ COW Vice President & Director of
Ressarch and Development

1961 to Present - OOW Vice President & Director of
Technical Staffs Division

Critical Feriod
1956 - COW Research & Development Director
1957 - COW Vice President & Director of RAD
Eucation:
Vanderbilt, Chemical BEnginesering 1937 B.B.
Vanderbilt, Chemistry 1541 Fh.D.
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Armistead, W.H. (Cont'd.)

Memberships in Technical

Organizations:
American Ceramic Society Director of Industrial Research
American Chemical Soclety Society of Glass Technology
American Institute of Chemists Sigma Xi
American Management Association Industrial Research Institute

Bair, George J.
Bxperience:

1927 - 1931 - Fennsylvania State University, Instructor
1931 - 1936 - Fennsylvania State University, Asst. Professor
1934 - 1935 - M.I.T. Teaching Assistant
1936 - 1937 - Fellow, Mellon Inst. of Industrial Research
1937 - 1942 - Senior Fellow, Mellon Inst. of Ind. Research
1942 - 1944 - Research Chemist (CGW)
194k - 1946 - CGW Manager of Multiform Pilot Flant
1946 - 1952 - COW Manager of Optical Glass Plant
1953 - 1961 - CGW Manager Quality & Process Engineering
1961 - 1964 - CGW Manager of Development Engineering
1964 to Fresent ~ COW Director of Technical Staff Services

Bucation:
Fennsylvania State University, Ceramic Engineering 1927 B.S.
M.I.T., Cersmics, 1936 Sc.D.

Critical Feriod
1956 & 1957 - CGW Manager Quality & Process Engineering

Memberships in Technical
Organizations:

Fellow, Amrican Ceramic Society
National Institute of Ceramic Engineers
American Chemical Society

Society of Glass Technology
Internationsl Commission on Glass

Sigma Xi

Tau Beta Pi

Sigma GCemms Epsilon
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Stookey, 5. Donald
Experience:
1940 to 1955 - CGW laboratory - Research Chemist
1955 to 1963 - (GW Manager Fundamental Chemical Research Dept.
1963 to Present - CGW Director of Fundamental Chemical Research

BEducation:

| Coe College, Cedar Rapids - Chemistry 1936 - B.A.
lafayette College, Emston, Chemistry 1937 - M.S.
M.I.T. - Chemistry 1940 - Pn.D.

Critical Feriod
1956 - Manager of Fundamental Chemical Res. Department
1957 - Same as above

Memberships in Technical
Organizations:

American Ceramic Society
American Chemical Society
Society of Glass Technology

Sigma Xi Clud
Voss, R.O.
Experience:
1942 « COW Chemist
1944 to 1956 - CGW R&D Ressarch Supervisor
1956 = CGW Manager of Cereamic Research
1957 - CGW Supv. of Consume: Froduct Development

1958 to 1963 - CGW Mgr., Consumer Product Development
1963 to present - COW Director of Product Development
Mucation:
Stetson University, Chemistry 1941 - B.S.
Critical Feriod
1956 - CGW Manager of Csramic Research
1957 -~ Supervisor of Consumer Froduct Development

Membership in Technical
Organizations:

American Chemical Society
American Ceramic Society
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Waterman, R. lee
Experience:

1926 - 1933 - W.T. Grant Co. Manager

1933 - 1540 - Montgomery Ward & Co., Nationsl Retail
Merchandise Manager & Div. Manager

1941 - W.T. Grant Co., Director of Sales Promotion and
then Vice President & Director of Merchandising

1951 - Sloane-Blabon Corp., President

1955 - CGW, General Manager of Consumer Products Division

1956 - CGW, Vice Fresident

1962 - CGW, Director

1964 - CGW, President

Education:

Bates College, 1926 B.S.
Critical Pericd
1956 & 1957 - CGW Vice President

He is also chairman of the board of CGW of Canada Itd., and a director
of Corning, Nederlandse Fabrieken, N.V., and Corhart Refractories Co., and
a trustee of the CGW Foundation.

Also, past president of the Natiomal Housewares Manufacturers Association,
Vice Prelmug }of the Marketing Division of the American Management Associationm,
and a member (of the Advisory Board of the Amrican Hardvare Manufacturers
Association.

He is Fresident of the Board of Trustees of the Wooster School, Danbury,
Conn., and a trustee of Bates Collage, Isviston, Maine. '
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ANALYSIS
OF
CASE HISTORY
OF
GLASS-CERAMICS

For the purposes of analysis, this case history has been divided into
subcases as shown below.

Sub-case Title
I Glass-ceranic radomes
II Glass-ceramic cookware

DESCRIPTION OF REIs

REI Description

Sub-case I. Glasa-Ceramic Radomes (Corning Glass Works)

a Militarv need propcsed by Navy; a glacs radome was firnished
for rain erosion test, but erosion was very high.

b Composition research Chemists supplied glasses for evaluation
of materials to be used in glass melting furnaces; glass also
surplied for ewaluating forming methods.

Sub-case II. Glass-Ceramic Cockware (Corning Olsss Works)

c Properties adjusted to produce test items by normal glass
forming processes.
a Additional composition research to eliminate micro-cracks

and to dewalo)p decorations.

e Development of special prooess controls rox"‘: full scale
moufacturing opsrations.
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STAGES AT WHICH REIs OCCURRE)

Sub-case Sud-case

Stage* No. I Ii

0

]

2

3 c

L a&d

5

6

#Stage: .ere derined by the Committee for purposes of this study, as follows:

STAGES
No. Definition _ e
o) Scientific finding (kaowledge).
Research on photosensitivwe muclsated glass, them thermally
micleated.
1 Recognition of nev material (process) jossidility.
Determination of physical preperties.
2 Creation of useful material (process) form.
Malt shop made slabs.
3 Peesibility of using the material (process) in hardvare.
Freseed and dlown ware from pots and day tank.
4 Foseidility of using the hardware containing the material in a system
Mpcogaition of product usefulnsss.
5 Production of the system (product).
RNctery melts and pilot plant melts forming.
[ Opswation of the aystem (Product).

Charlsroi-Naden City melts.

T I S TR BT P Y AN Y ———y
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 PACTORS CONSIDERED
IN ANALYZING EVENTS OF REIs

From the study of all the cases, the Committee selected a mumber of the
more prominent factors which scemed to be operating with some frequency in
the identified REIs and listed them as follows:

Iist
of
Factors Considered in Analyzing Events of REIs

1. High educational level (advanced degree) of principal investigator
2. Importance of management

3. Importance of Government-sponsored research

4., Importance of recognized need

5. Requirement of flexibility to change direction during work
and local control of funds (easily available resources)

6. Industrial laboratory invelved

T. Basic research in the laborstory (or institution or organization)
8. Communications across organizations was important

9. Technical problem was the principal obstacle

10. Isportance of a "champion”

1l. Freedom for individuals

12. Broad spectrum of types of lsboratories

13. Geographic proximity

1, Prior experience vith innovation

15. Organisational structure (barriers and bonds)
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FRIQUENCY OF FACTORS IN REIas
(Statistical Anelysis)

Sub-case I Sub-case II

Facter Total
ko. & b  Totels c d e Totals Fregquency
1 X 1/2 X 1/3 2/s
D X 1/2 , - 1/s
3 - - -
4 X X 22 X X 2/3 L/5
5 X 1/2 X X 2/3 3/5
é X 1/ X 1/3 2/s
7 X Xx 2f - 2/5
5 X x 2/ X X X 33 5/5
2 - p 2/3 2/s
10 - - -
1 X - 1/3 1/5
12 X 1/2 X X X 3/3 b/s
13 X 12 - 1/5
o X x g/ X X 2/3 4/5
3 X X 2/3 2/5

T e . Y T BRI,y sy prum
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SUMMARY ANALYSIS

COMMENTARY ON SIGNIFICANCE OF FACTORS IN CASE HISTORY

The analysis shows Factors &, 8, 12, and 14 as those most frequently
occurring. Tactor 4, the importance of a recognized need, permeates the case.
Research exploitation mcves faster, as opposed to simply moving, if there is
an urgent need. In the case of the ceramic radome, composition research
quickly identified a dielectrically satisfactory material, and the furnace
people learned how to melt it. Furthermore, the need was more real than
simply a paper study. The Navy's missile was in existence, and operationmally

limited, so that the Navy's response time was shorter than usual.

Factor 8, communications across organizations, was important. All the
engineering and research people involved in the interactions reported to the
same executive. Since he had complete authority to shift program emphasis,
the various departments involved could be committed as need be. Equally
important was the charge by the corporate presiden:. He had been persuaded
that the new discovery was revolutionary, and directed all operating groups,
i.e., their process and product engineers, to exploit the new materials as
quickly as possible.

Pactor 12, the broad spectrum of technology, reflects an ability to
summon in-house experts on sach technical problem as it arises. Their
availability also is a result of the unification of the technical staff

under a single executive.

Factor 14, prior experience with imnnovation, is certainly valid for
the research-engineering interaction. However, a prime reason for the speed
of the process, which required the support of manufacturing groups, was the
drive of the new general manager for whom a new product vas essentisl. An
innovation had not been a strong characteristic of that particular group,
as was the case for the reszearch people.

The role ofjiuo factors is especially important: the Navy had asked
Corning for a glass radome. 1Its rain erosion resistance was poor, and this
fact was known to the laboratory staff. The hardness of the glass-ceramic

- PR R - Sl Sy e ol rald ——— H =S o
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indicated it was an obvious candidate. The additional requirement for
dielectric constant stability and low loss provoked composition research.
Thus, the Navy, with iis urgent requirement for defense, played a signifi-~
cant catalytic role. The second factor was the low expansion of the lithia
glass-ceramics. Here, the¢ ompany's long market orientation to consumer
products slerted the Division Manager to the opportunity for rapid exploita-
tion; and t¢his opinion was shared in a wmeeting with the Research Director,
the Consumer Product Development Manager, and others.

As the project developed, the person-tc-person contact of the Division
Manager, who needed the product,and the Development Manager, who was in this
case an informal leader more than the formsl one, was very frequent. Summary

reports by the Development Manager were widely circulated.

In summary, I believe that the key points of a well-integrated technical
and marketing program reflected the importance of management in defining the
high priority, and therefore a massive effort on creating a product of
recogiiized need,
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A CASE HISTORY OF MISSILE-GRADE GRAPHITE
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A CASE HISTORY OF MISSILE-GRADE GRAPHITE

BACKGROUND

This study reviews the development of a number of graphite ad-
vances as seen through their history and the actions of a major pro-
ducer of graphite materials and a number of organizations in the De-
partment of Defense {(DoD). This case was selected as an example of
a DoD attempt to transform scientific research findings into engin-
eering applications.

e T was believed that the study of a case in which the DoD was
closely involved would provide valuable insight into the jrocess of
interaction that exists-or then existed-between the Federal Government
and industry. The selection of one company for discussion in this
study was due partly to the availability of information and partly

to the fact that the DoD chose that company to scale up a number of
processes offering unusual potentiul for satisfying Defense needs with
respect to performance, uniformity and reliability.

All the information for this case study was provided by Mr. W.A.
Steiner, retired Vice-President (Technology) of the Union Carbide
Corporation, Mr. J.J. Krochmal of the Air Force Materials Laboratory,
and Major I.K. Holdener, Headquarters, U.S. Air Force. Without their
contributions, the study would not have been possible.

A General Perspective of Graphite Technology

Graphite 1s unique as a refractory structural material owing
to its great binding energy which makes it the highest-temp: rature-
steble elemental solid. The strength-weight ratio of graphite is above
that of any known material from 3100°F to more than 5500°F. It has
no liquid phase below & pressure of 100 atmospheres and sublimes at
6T00°F at atmospheric pressure. Although in the class of brittle
refractories, it is inherently plastic at room tesmperature and limited
deformation at small load relieves stress concentrations. Graphite
has a very high degree of resistance to thermal stress and shock.

Many materials have individual properties that far exceed those
of carbon. For example, copper's elsctrical conductivity is thousands
of times better than that of grephite, dut its strength drops to
practically sero at 1800°F. PFused juartz has lower thermal expansion
but no electrical conductivity. For chemical inertness, only metals
like platimm or tantalum equal cardon. For high-temperature stiength,
carbon is in & field alil by itself; nc ~ther substance (with the
exception of carbides of tantalum and columbium) can approach carbon.

The graphite business is based on the material's unique intrinsic
physical and chemical properties, such as the following:

.~ N “a.-._ﬂ.a?(‘... ekl taek = ame moe Am et T e



Sublimation at 6707°F (Does not melt at atmospheric pressure.)
Useful strength up to about 4300°F (Steel melts at 2500°F.)
Lov coefficient of thermal expansion ( .e-eighth that of steel)
Thermal conductivity (three times that of steel)

Cteaical inertness

Nautron charecteristics

To uset specific service needs, other desirable characteristics
related to .structure and composition can be built intv the graphites
by suitable processing, for example:

Resistance to severe thermal stress and shock
Impermesability to liquids and gases
Hardness varying froa unctuous and soft t¢ very hard

The physical properties of fabricated graphite can be made to
vary over a wide range, because the highly anisotropic hexagonal plane
crystal allows such control by the selection and processing of the raw
materials; and further variations can be efficted by an increasing
number of basic fabrication processes for the formulation of grain
texture and structure.

The properties of a graphite article sre determined by its com-
position and structure as follows:

Composition - major phase(s),
minor distinct phase(s)
intergranular material or binder

Microstructure - continuous phase(s)
discontinuous phases
disposition of phases (i.e., within or among)
crystal. structure of phases

Macrostructure - density or porosity
pore size, shape, distridbution
greain size, shape, distribution
grain orientation
structure of grain interfuces
cracks, flaws, inclusions

The cardbon atoms meking up soot, charcoal, natural grsphite
and diamond are idsntical. The wide differences in these materials’
geoperties arise from the dimriu arrangsment of carbon atoms with
respect to each other.

Carbon materials (such as coker, charcoals, blacks) that have not
been heated to high temperatures possess an embryonic crystul structure;
the cardon atoms are arranged in layers vhich are wrinkled and warped.
The high temperatures of graphitizing simply flatten out the wrinkles
of crystal layers already present in the cardbon at the instant it was
formed by the decomposition of carbon-containing compounds.




The ultimate physical properties of a graphite article depend
largely upon the nature and procesaing of the rav materiale, wvhich
must also have the intrinsic crystalline structure required to pro-
duce the desired properties in the resulting article.

The graphite article's physical properties are also dependent
upon the pature and quantity of the bond carbon cementing the carbon
particles. The quality of the bond carbon, vhich governs strength
and conductivity, is affected by the processing temperature. FPFurther,
the relative quantity of binder is critical; for example, as quantity
is decreased, strength and conductivity fall off repidly.

A key operation in carbon mesnufacture is carbonizing the binder
into an infusible so0lid, which occurs wvhen the haking temperature Joes
beyond about 900°F. Because of binder pyrolysis and physical and
dimensional changes, the baking process is wvery sensitive to asny
factors, such as thermal gradients, supporting o> the "green" shapes.
volatile venting, oxidation, etc. Baking mist be controlled within
the limits defined by the type of process; for instance, in bulk bak-
ing the total cycle may be 55 days, but it may be only minutes for
some shapes under suitable pressurs.

Because of the need to balance many factors in both the processing
and the use of carbon products, there are intrinsic relationrhaips
between the size of an article and its physical properties. That is,
the properties and structure of small pieces may be quite different
from those of large pieces; or vhat can be made in smll sizes may not
be duplicated in larger sizes. Similarly, it is not possidble to test
small samples and extrapolate results to performance of large pieces
vithout first developing udequate correiation data.

Bistory of the Carbon and Sraphiie Iaduetry

To understand the present status ard future prospects of the
carbon and grephite industry, it may be of interest to look dack to
its scientific and tochnical origias.

The industrial uses of carton emd grephite products are based
on properties that enable uses as termimal comductors for the conversion
of electrical emergy to other forms of energy. ZElsctrolytic anodes
of graphite are used in the coaversion of energy from electrical to
chemical; and electrothermic electrodes of graphite are used in con-
verting electrical energy to heat.

The nuclear aad asrospace uses of graphite are based on unique
combinations of nuclear and physical propertics, such as neutron
moderation and high strength at high temperaturs.

Around 1800, Cruickshank discovered that a salt solution can be
electrolysed to form sodium and chlorine. About the same time, Duvy
demonstrated the electric arc between two carboa rods, forming a
concentrated source of rediation for light or heat. These early

‘expsriments used primary detteries. From Faraday's discovery of the

principles of electrical iuduction in 1831, the dynemo was developed
in the 1860s.
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With the sdvent of the dynamo, major inrdustrial uses of electri-
city were soon deweloped. In the early 1870s, arc lamps were istroduc
for lighting. In 1878 to 186§, Sieswns end Herroult invested electri
arc furraces which were soon adapted to mteliurgical processes such
as production of ferrous ailoys amd celcium csrbide. In 1686 Esdl
inventsd the elecurolytic process for produciag alumimm. In 1890
alxalichlorine plants wese started. Ia ihe lste 1880s, streetcars
were developed that used electri: motors, for whtich carboa brushes
were found to be necessary.

The fabrication of carbon and grzphite shapes for industrial
uge= ig a comparatively recent inventic:. Because carbon hes no dis-
tinct melting point at Yeascnable precsures, _b» usual metal-working
techaiques, such as casiing or rolling, csmnct de used. Tze graphite
infustry uses processes similar to those of the ceramics industry,
but differing secause of the the:moyplastic binder and the need to
Jrotect thé articles from sivmping end cxldetion vhile they are beiag
daked .

The origimel physical experiments used swuell rods cut from char-
co). or retort carton. Formed rois vere made later by pulverizing
charcos amd mixing it with oyrup, forming the rods, and baking thea.
In 1582, Bumiscc mede carbon slectrodes for tavteries. During the
yours 1656 to 1838, iaventurs developel processes for making carbon
Plates, uséng povdered c.ke and bhindsrs such as sugar or tar. 1In
1878, Brush first used lle proccss of calcining petroleum coke as a
mreliminary stey in tMe anufactire of arc carbons.

Acheson invemtea his procesa for graphitizing forwmed carbon
shapes ia 189%5. DPefore thds, the only graphite ehapes available were
clay-boaded netursl graphite, whcse properties were only adapted to
such uses as crweiblas aid writing-pencil leads. The svailability
ef Acheson greghite hme enabled & major expansion of electric steel
and chlorine production, as well as meny uses of grephite in the
metallurgical, chemictal, electricsl and mechanicel industiries.

Until World War II (emd even thereafter), the higher volume of
deferse requiremests reflscted primarily a greater demand for industri
carbon send grephit: products usad in producing alloys, steels, chemict
and eleciricity for war productiom. Specitl new needs were generally
met with stenucyd processing setheds, dut using upecially selected
rav materials and additiomal * ‘rificstion or impregnation. A case
in point was the dewelopment of high-purity grephite for reactors in
1942. Another was the use of ATJ graphite in missiles, although this
wvas daveloped primarily for die applications in the metallurgical and
metel-working irdustry.
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The emphasis of the industry was mainly on the commercial markets.
Commercial objectives were more ¢asily defined, and the economics and
timing of these markets permitted adjustable trade-offs. Wartime and
subsequent defense requirements were not as easily or as well defined
nor as flexible with respect to time. Defense work represented less
than 2 percent of the industry's business, amd this provided little
incentive for the industry to invest heavily in scaled-up programs
aimed solely at satisfying the DoD's needs Fortunately, research
activities aimed at improving commerciel psuducts and processes wvere
equally applicable to defense uses.

Special Emerging Defense Needs

The first major use of graphite for missiles was for rudder
vanes, vhich guide s missile during the firiag period by direct action
in the /et blast. The German V-2 rocket (at its stage of development
in 19“!3 used rudder vanes of high-density graphite (1.8 grams per cubic
centimeter).

Graphite nozzles were first used in 19%2-45 for aircraft JATO
(jet--assisted takeoff) rockets. Availalle industrial graphites per-
formed satisfactorily in this application. The JATO nozzles were
relatively small, about 2 inches in outside diameter. By about 1952,
the outside diameter of nozzles had grown to S5 inches, and erosion
conditions had reached the performance limits of industrial graphites.

A major problem facing both the users and the industry vas their
inability to write realistic, msaningful specificstions vhich related
measurable properties to performance characteristics. In s number of
Defense programs, this hed resulted in unnscessarily high scrap rates
and a general lack of confideénce in this class of materials, vhich
offered so0 many unique possidilities for use in very high-temperature
applications.

Between 1955 and 1957, several situations dsveloped which were
to have a long-racge effect on graphite utilizatior for silitary
missile applications in the ensuing decade. The development of higher
energy solid propellants indicated the potential of solid systems for
intercontinentsal ballisti: missiles (ICHMs). This led to the estudlish-
ment of two missile programs, the Navy's Polaris and the Air Force's
Minuteman. Early development testing of the new propellants showed
that available commercial graphites were only marginally acceptable.
This jeopardiszed the inherent reliadility and growth potential of
both systess. During the same period, the Army, in developing the
Redstone missile, was experienciag grest difficulty in odbtsining
producidle lots of graphite mate:‘sls for jet vanes. The reason vas
that strict acceptance standards were being imposed on commercial
graphite matersals not developed for missile uses. About thet time,
the DoD trensferred prime responsidility for land-based long-range
missiles tc ihe Alr Force, so the development of adequate materials
for the associated missile systems became the direct comcern of that

ailitary .
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DEPARTMENT OF DEFENSE INVOLVEMENT

By virtue of its responsibilities in connection with work for
the DoD, the Materials Advisory Board (MAB) sensed the impending
emergence of new materials problems and opportunities. In 1956, Dr. J.
R. Lane, an MAB ctaff scientist, recognized a potential prodlem in
the graphite area and suggested to Mr. Verne Schnee, Executive Dir-
ector of the MAB, that an MAB study of the graphite problems would
be eppropriate and potentially helpful to the DoD. Approached on
this matter by Mr. Schnee, Mr. John Garrett, Staff Specialist, Office
of the Assistant Secretary of Defense (Research and Engineering)l,
recognized the importance of such a study. Mr. Garrett then secured
the approval of Mr. William Holaday, Deputy Asaistant Secretary of
Defense (Research and Engineering), for the study to proceed on 7
January 1957. Dr. Lane completed the MAR staff study and published
a report on 9 May 1957. The report's conclusions are as follows:

"1, Better graphite than is now available will be re-
quired as components of missiles now being designed.

"2, While the uniformity of graphite now commercially
available is considered satisfactory for power reactor
applications and most civilien uses. a much higher level
of uniformity is needed to satisfy certain resctor and
missile structural applications. The adopiion of real-
istic, meaningful specificatio:ns (including such as
strength, density, grain size, etc.) for critical
applications would mark a logical advunce in its
application. Improvements in nondestructive testing
are needed to enable the routine production of grades
to specificatiion.

"3, Manufacturers have significantly improved their
product over the years, and it i1s to be assumed that
such effort will continue. It nmay not be reasonable to
expect that the present commercial process is capable
of yielding a product of adequate uniformity and re-
producibility for some futwre critical military appli-
cations. Other approaches to making graphite are known,
but agparently are not being actively pursued. Com-
mercial incentives for this work are smell, and the
government support would be required to achieve the
race of progress which weapon designs call for.

lphe ¢ffice of the Assistant Secretary of Defense {Research
and Engincering) ~OASD(R&E) - wes the predecessor of the
presaent 0ffice of the Director of Defense Research and
Engineerxding - ODIRGE,




"4, The development of superior grades of graphite for

use in high temperature applications in such weapons an
missiles will lag until performance requivements have

been spelled out. This itemizing is clearly wii_in the
province of the military and weapon contractors. Involved
are not only the accumulation of numerical data, but the
determination of the special plysical and mechanical
properties which control performance.

"S. Specifications for pertinent grades of graphite
need to be evolved by the concerted action of producers
and users. Designers will be encouraged to specify
graphite rather than possible alternate materials, if
it can be produced to guaranteed narrow varistions in
limits on properties. It should be recognized that
such practice would raise the cc~t.

"6. The ability to detect flaws and other undesirable
characteristics in graphize 1s not highly developed.
Sponsorship by appropriate sgencies of research on
nondestructive testing methuds would enable the
selection, with much more certainty than is now
possible, of sound, strong specimens.

"7. By far the greater vproduction of graphite is for
grades (electrodes, anodes) inappropriate for use at
high temperatures in weapons. Since the commercial
incentive for the development >f giales which might
at some time be of interest Lo the DNefense Department
is small, it appears highly dssirable to increase the
suppeort for research on zZasic studies and unique manu-
facturing methods. This shculd be done, if necessar-
at the expense of sponsored reseasch orn modi#
of the standard production procedure. °
such as on oxidation - and erc¢sion- .-
geems 10 be necded. Because ol its -
characteristics, the use of gruphite .
couraged to the fullest extent commen:
capahilities.

"8. 1In view of the extensive AEC -
graphite for special reactor applic.
military programs on high temperat:
require coordination with those of .
Commission."

The DoD Coordinating Committee on % -
study at its eleventh meeting, 26 July 1.°.
study to producers in the grapanite field i.
also set up an informal working group wit:

DoD staff to review the present government
rrogrars in graphite, in order that an ad<; ... -
comments might be made.
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The Working Group's review of government work and its study of
replies from graphite companies led to the conclusion that lack of
progress in obtaining graphite of proper quality for military appli-
cation vas due mainly to the inability of users to specify the properties
nceded. It also became clear that university-type research did not
fulfill all requirements because properties of the relatively small
pluces of graphite involved could not be extrapolated to larger pieces;
and that there was a large source of know-how within the graphite
industry-heretofore untapped by the DoD-that should be brought to
bear on the general problem of obtaining better and more uniform
graphite for Defense purposes.

Accordingly, the Working Group proposed +o the Coordinating
Committee on Materials that a tri-service program in graphite research
and development be established, consisting of contracts with the
companies menufacturing graphite. It was sucgested that the program
be menaged by a single military depsrtment and that, if desired, an
MAB technical penel could assist. The Working Group stood ready to
establish the objectives of the program, to discuss with the graphite
industry the feasibility of a cooperative effort, and to mmke rec-
comendations to the Committee on the amount of effort required, in-
cluding funding. The Working Group, in particular, proposed the
establishment of an experimental facility for the pilot production
of "eissile grade graphite”. The full report of the Working Group
is included in Appendix A.

The Comuittee considered and approved this proposal at its
thirteenth meeting, 6 December 1957, establishing, in place of the
Working Group, a Steering Group for Tri-Service Progran in Graphite
Research and Developoent.

At a meeting on 12 December 1957, the Steering Group agreed
wvith the suggestion of the Army member that an Army technologist
make a survey of the user field in all three military services and
report his findings to the group. Mr. E.J. Dunn, of the Orduance
Materials Rescarck Office, was appointed by the Army member for this
task. On 7 January 1958, Mr. Dunn outlined to the Steering Group
his projosed action, which included submitting a questionnaire to
grapaite vaers. The proposal was approved by the Group. Subsequently,
Mr. Dunn visited many plants in the user field and also, vith membexrs
of the Steering Group, coumpanies in the graphite indws try.

Mesbership iu the Steering Group shifted from time to time,
but 1t was esscntially as follows:

M. J.C. Barrett OASD(RAE)

Mr. E.L. Hollady Army Ordnance Corps

Mr. T.E. Bamill Bureau of Naval Ordnance

Capt. I.K. Holdener Alr Force Materials Laboratory
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Mr. Dunn's report, and recommendations arising from it, were
discussed by the Steering Group at meetings in June and July 1958, at
vhich time the report was accepted.

As a result of this policy decision and certain interservice
decisicns as well, the Air Force turned out to be the only military
department with a direct laterest in the recommended graphite pro-
gram. In the Polaris program, the Navy selected refractory metal
nozzles and laid primary developmentsl emphasis on pyrolytic graphite.
Since its requirements for rocket nozzles were not severe owing to
the shorter duration of their firing, the Army was more interested in
the technology of solid-rocket-motor cases and devoted its resources
to that area.

Already the Air Force Materials Iaboratory had independently
started to support zeveral small programs related to many aspects
of the recommended program. Subsequently, the Air Force continued
to analyze the recommendations of the Steering Group to get a better
understanding of the problems involved and the level of funding that
would de required to carry out the program successfully. During
routine management activities, a number of studies were completed.
Among them were the following:

(1) the reassessment of DoD requirements and their relation-
ship to Air Force needs,

(2) the solicitation of outside expert opinionms,
(3) a reanalysis of industrial capabilities,

(4) an analysis of the effect of the graphite industry's
proprietary attitudes on program goals,

(5) the determination of the goals' feasibility,

(6) the planning of & program approach, and
(7) an investigstion of the availability of funds.

These studies were made during the year September 1958-1959.
Final DoD approval and authority to proceed with negotiations for a
rominally $12-million, 3-year program were granted early in October
1959. Concurrently, the need for such a progran wvas reconfirmed by
the Air Force's hardware, component and other laboratories.

In the September 1958-1959 period, there was considerable inter-

play within normal Air Force channels to DoD for program and funding
approval. It involved the Air Force Materials laboratory at Wright
Air Development Center and the Manufacturing Methods Division of the
Air Materiel Command (AMC), both of which had a technical desire to
initiate the program. To sell the program as a candidate tc start in
FY 1960 required the support of three DoD organizations - the Air
Research and Development Command (Major Krug) in Baltimore; Head-
quarters, U.S. Air Force (Colonel J. Hearn and Lt. Colonel J. Shipp);




and the OASD(R&E) (Mr. . Barrett), both in Washington, D. C. This
necessitated that Mr. Barrett secure the assignment of $2 million fros
the 0SD (Office of the Secretary of Defense) Emergency Fund to the
Air Force for use in the program.

As evidenced by the fact that the anticipated program cost was
more than 10 times the total annual budget of the Air Force for
exploratory development in ceramics and graphite, funding was a
problem. It should be said here that the technical sslesmanship of
two highly interested Air Force«Officers, Lieutenant Giancola and
Captain Holdener, was fundamental to the DoD's acceptance of this
program. Both were members of the Technical steff of the Air Force
Materials Laboratory, Dayton, Ohio.

Funds were also obtained from a number of organizations in the
Wright-Patterson Complex that recognized the need and unstintingly
provided resources. The program was started with $3.5 million from
the Air Materiel Command facilities people, $2 million from the 0SD
Emergency Fund, $500 thousand from the AMC's Manufacturing Methods
Division, and $275 thousand from the Air Force Materials Laboratory.
Further, because of the manufacturing technology aspects of the
experimental facility, the AMC committed itself to an additional $1
million of support during the program. Wnile the Materials Laborator)
prepared to furnish from its normal budget the required balance, $4.6
millicen, to carry the 3-year program to its conclusion, this vas done
at “he expense of other materials programs in the Laboratory.

After October 1959, the activities of primary irtersst involved
negotiations concerning work areas, program costs, rights to data,
special facility requirements, and the securing of deviations from
normal Air Force contracting practice, particularly with respect to
proprietary information and balance between government and company
capital investments-all culminating in the DoD's award of a contract
(effective 1 May 1960) tc the Nationel Carbon Company, Union Carbide
Corporation, for the development of advanced graphite materisls and
the operation cf an experimental facility for the Pilot Plant Pro-
duction of Missile-Grade Graphite.

In sumary, there was a recognition of need and opportunity dy
the Department of Defense; a decision to go ahsad; funds and resource:
were obtained from & variety of sources; a contract was negotiated
and a contractor selected to pmsh abead toward the development of
high performance missile grede materials.
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It should be pointed out that the use of National Carbon Company
Trade Names, such as ATJ, ZTA, etc., to identify the products mentioned
in this case history results simply from the role of Netional Carbon
Company as the contractor under this particular development prograa.
Use of these designations is not intended to imply that National Carboun
Compeny products are the only grsphite products suitable for aissile or
other DOD or nuclear applications. Other products of other producers
have bsen tested successfully and are available.
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HIGH-DENSITY GRAPHITES

Kature of the anblen:

Commercial graphites are manufactured by graphitizing carbon
shapes made by baking the green shapes formed from mixtures of coke
perticles and pitch binder. Because coke particles are porous and
about one-third of the binder is distilled off in the baking, in-
dustrial grephites generally have a porosity of 30 to 20 percent, with
apparent densities of 1.6 to 1.75 grams per.cubic centimeter (g per cc),
as compared with the real density of single crystals-2.26 g per cc.

In characterizing graphites, apparent density is the simplest of
properties to measure, but it is significant in itself only as a measure
of carbon packing. For exsmple, it is easy to mold blocks of 2.0 to
2.1 density with natural graphite or graphite precipitated from de-
composition of carbides, but such graphite is so weak and soft as to
be almost totally unsuitable as an engineering material. Thus, the
achievement of high-density graphite is not significant unless ac-
companied by the improvement of other properties-strength, erosion
resistance, thermal conductivity, permeability, etc.-needed for specific
performance requirements.

For a graphite grade of given basic composition and processing,
density may b> associated to some degree with other properties that
determine performance in specific applications. Therefore, it has
been a long-standing objective of the industry to produce graphites
of the highest practiceble density. ¥For example, in 1944 a basic
objective of the Kational Carbon Company's research program on special
applications was defined as "Study of manufacture of graphite of
flavless, dense structure as near real density as possidble”. This
otjective was put into its simplest terms by setting as a target the
development of graphite with a density over 2.0 g per cc.

Previous Alternatives:

During World War II, the postwar build-up and the Korean War
21.0., nwu- about 1941 to 1953), graphite research and development
RAD) had to de roemodyri.nrnyon specific needs for nuclear
reactors, electrodes and anodes. Graphite-density requirements were
met with availadble process technology, the two principal alternatives
being pitch impregnation or the use of superfines in the mix.

In 1909 Acheson hed developed the pitch-impregnation process to
increase the density of grephite Ly filling the pores of the carbon
blank with a carbonizable material, subsequently graphitized. For
spec.al needs, this process could be repeated to reach a graphite
density of around 1.75 g per cc. Another method of making graphite
of improved density is to incorporate superfines or furnace dlack in
the aix to £111 the voids between coke perticles. With a combination
of this mix and multiple pitch treatments, it is possible to make
graphite with a density of edbout 1,85 g per cec.
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The R&D program maintained by National Carbon since 1900 to
isprove and expand industriel uses of graphite has built an orgaaization
of people with interdisciplinary scientific and technical skills,
equipped with the most modern scientific and special experimental
facilities. Related to the management decision to adapt graphite to
nev uses, one of the general R&D objectives was higher density.

During 19W4-47 and 1950-52 experimentel studies were made on
hot and cold pressing of purified natural graphite powders. This hot
prassing used graphite tube furnaces for 45000F to S4LO0CF, with carbon
equipment for pressures to about 6000 pounds per square inch (psi).
Though graphites up to about 2.0 density were produced, their engi-
neering properties were not attractive.

In National Carbon's study of the triple point of carbon, small
graphite boules of 2.0 density were made by recrystallization from the
liquid phase of carbon in an arc furnace under 2000- to 3000-psi gas
pressure. These boules had high strength as compared with natural
graphite, and their electrical conductivity was about three times
higher than that of good artificiel grapnite. This process, however,
would not be practicable for producing enginesring sizes of graphite.

The intensive development of the pressure molding-beking process
that started in 1955, as a result of licensing the Cuban ianventor's
patent discussed previously,, provided a fund of engineering know-
hov and stimulated teclnical awareness of the pcssibilities in & high-
temperature pressure process for carbon and graphite.

Recognition of the Need:

Entirely new levels of technical and economic consilderations in
the area of graphite were introduced in the early 195C: " major
developments in misciles and aerospace vehicles. In thiz field, the
technical requirements are much more critical than for industrial
graphites, and the economic factors ensble much wider latitude to
achieve the technical goals.

During this initial period, about ).952-57, the National Carbon
Compeny's specialists in engineering service to missile and aerospace
builders improved the understanding of special technical requiremencs
for graphite in these fields. It was evident that no available graphite
would answer all needs; but, dbecause iis properties may be varied
over such a wide spectrum, graphite represents s family of unique
materials for space uses.

In 1957, Natioral Carbon men visited the technical people of
major contractors to get their thoughts about graphite-performance
needs for current and future designs. This survey revealed great
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intere st in graphite with improved and more reliable high-temperature
properties for services involving high degrees of strength, resistance
to severe erosion, oxidatioa and thermal shock. There war alszo con-
siderable interest in higher density, as possibly related to improvs-
ments in properties affecting performance of nozzles, cones, edges
and reactors.

In vicw of this interest in higher density graphite, C.E. larson,
Vice-President for Research of National Carbon, asked V.C. Eeaister,
Associate Director and Senior Scientist, to study available technology
and ideas anl to carry out research-type experimental work to establish
a principle suiteble for development scale-up.

Hamister assigned this project to hir engineering assistant, E.L.
Piper. After coneideration of tke principles previously evaluated and
the subsequent advances in pressurs technology, Bamister recalled
observations that he and his colleague, J.W. Gartland, had made in
1937 concerning the plastic fiuw of cerbon begilaring at 3100°F and of
graphite at LOOOCF. He sugeested that Piper study the hot pressing of
carbon preforms.

Key Findings:

Piper first made graphite of 2.06 density by hot pressing a piece
of 1.56-density carbon (3/8 inch in diameter by 1 inch) at about 8500
psi at UTOOOF in a tube furnace. This key experiment in 1957 demon-
strated that hot pressing wes a feasible method for producing high-
density graphite.

‘The small size of the research piece did not allow the measure-
ment of engineering properties, and it was realized that it would re-
main a 1lad curiosity until scaled up by a major development effort.

Development Scals-up of New Material:

The possibility of scaling up Piper's research finding wes ex-
plored at National Carbon's Fostoria (Ohio) Development Iaborstory,
which had facilities and kaov-how for the molding-baking process tc
around 1800°F by resistance heating of the work piece. New tooling
had to be developed to reach graphitizing temperatures in the ex-
perimental hot pressing of carbon or gaphite preforms. It was
found, however, tbet this process was not as practicable as an al-
ternative developed at the Niagara (New York) Development labocratory
vhich had facilities and Xnow-how for induction-heated processes.
The developmeut engineser there to vhom this study was asrigned,

K.J. Zeitsch, duilt a small experimental unit to enadle hot pressing
to Sh00°P,

Bational Carbon contimued through 1959 with development work
to establish engineering 4ata on the hoi-pressing procssses for
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producing high-density grearhite. The first scale-up was to 2-imch.
diameter bisaks for subscalc MERM test nozsles, vhich were fir ¢
delivered ‘o Aerojet-Gsneral ration in March 1960. The wext
scale-ups were Lo diameters of 14 inches in Heptember 1961 (on
tontyect AF33(616)-6915) anc to 30 inches in July 1963.

Although the priunciple of the process to make high-density
graphite i5 guite simple, the engineering aspzets are rar from
simple beccuse 07 the extreuwes ¢f temperature and pressura invulved.
Thus, major pioblems huve beén the development of materials and
construction to enable practical and esfe operation.

Testing and Uses of Kew Material:

Along with its effect on dsnsification. the hot working of
graphites results in a highly orientel rerystallized graphite with &
crystal structure intermediaie to premium and pyrolytic graphites end
with characteristics that cannot iherwise be obivained, The process
allows the use of & wide variety ol vase materials 1o make grephites
with a broad spectrum of properties.

ZTA graphite is only one greds o thL.s high-density type of
material; its properties were golovted fur presegt service needs.
With this hot-forming process,? it w.Ll be possible to develop other
high-density graphites with optimum gowdinstions of properties to
meet specific needs of nev weapon d¥signé, Asong the spplicatioas of
ZPA graphite are the following:

(1) Approved by Asrojet-General Corporation for nozzles of both
stages of the Skybolt missile.

(2) Apgrowed by Atlantic Research Corporation for nozzle of the
Redeye missile.

{3) Tested by Aerojet-Gereral and Fercules Powder Company for
cecond-stage nozsle o the Polaris A-3 missile. In the tests, its
aempsion rate was almo.t as low as that of pyrolytic graphite, but
ZH dewelope)l wrachs that wers due to design factors. For the stacked
wvagher desiga, pyrolytic grephite was adopted. ZTA was not fully

.evaluated in the washer-tywe design.

(k) Arproved and used oy Veehbinghoune Astronuclear Division for
st.ucturel componeats of WERVA nuclear vropulsiom reactors. Its pro-
perties and vniformity meet tbese particulsr service nteds better than
those of guy other av:iilable graphites.

v i ip——'

2 Wright Air Development Division, Technical Documentary Report
No. WADD TR 61-72, Vol. VIZ and Supplement, "High Density Re-
crystallized Graphite by Hot Forming."
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CASE HISTORY

ANALYSIS

This case study has selected three advances in graphite techmology,
Although their research origins were quite unrelated, they merged,
during the exploitation stages. They were carried forward to use
through a single Air Force contract which was established in 1960.

The purpose of the contract was to start a broad progrem aimed at
advancing graphite technology and to reduce the time from development
to use. All three advances passed through similar stages and were
interrelated. Only one evolved into commercial development. In all
cades, the principle product was developed, evaluated or applied to

a Defen®e app.ication. %he analysis of the REI stages in this summary
was limited to "frosion resistant, high density graphite”. It is
generally applicable tc all tiree sdvances. This analysis includes
both Research/Engineering Interactions and Engineering/Engineering
Inng factions.

. Erosian Yesistang A5gh Bensity Graphite

. me »-'»g.
Research-Engintering sl Sugiwe: ring-Engineering
Interactions (ARYe)

s, Stevdies by Haniemer asd Gertlamd fm 1§37 wetre performed to
gein 8 better imsight inee plastic flow «f carbéu mad graphite. This
weo fundomental wedbareh sined at improviag she prosessing of carbon
sud graphite preducts,

b. Dr. J. Lena, 8 Meierisls Advisory Besud Staff Sciestist,
published s report, duriag ey 1937, v.ieh reviswd the state-of-the-
art in graphica materiale sad recommendind phat the Dygaptment of
Defense Inigiate s breed gouge stteshk @y this class of msteriale.

€ 1t had beon & long stending objestive &f She grephite
{ndustry to develop grophites 6s clees to theeretizal dusity as
pessible. Contimving effort Ln ohis ares secemsd to be the tule ower
loug perfods of tims by Mutienal Coshbon Cotpany. As 8 veselt of the
Line Repert sod indeysndept ssscssueits of Dafanes AliTospacs needs,
s ssnsgement decisien wes mads teo intensify efferts ta ke high
deasity grepliites. C. L. Larec.i, Viee Fresident for seemprch ssked
V. . Nemister, Asvociate Pirester and Senfor Sc.sntist of the Favms
Leborsteries to study sxieting teshmelogy amd idess for producLug
higher dengity graphite; dovelop & resef” L prograuw to e followed
by development sosle-wp.

d. E. L. Piper carried sut experiments based upon the 1937
observations >f Hemister emd Gortlams. Piper fivst made 2.06 graphite
by hot pressing 1.56 demsity ssrhen with abawt 8300 psX at 4700°r7.
This was the key experisieat im 1957 which Jemsnstrated that hot
pressing was a fessible methcd for producing high density graphite.
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e. Development scale-up of the process was first attempted in
the Fostoria Development Laboratory, vhich had facilities and know-
how for the molding-baking process using resistance heating. The pro.
Ject was later shifted by management to the Niagra Development Lab-
oratory which had facilities and know-how for induction heated proces:
K. J. Zeitsch, the Niagara laboratory Development Engineer, built an
experimental small unit to enable hot pressing. Process development
work and property characterization was carried on until 1959.

f. Stroop and 0'Denning of National Carbon arranged for a con-
tract with Aerojet General Corporation for evaluation of the high
density product in MERM test nozzles.

g. Overlapping the actions in f. above were a number of study
groups established by OSD to exarine weapon requirements for graphite
materials and producer potentialities. During October 1959, the Air
Force was given the authority to proceed with negotiations for a $12
million, three year program in Graphite Technology. Captain I.K.
Holdner and Lt. J. Gianceola of the Air Force Materials Laboratory
wvere the project officers. A cortract was signed with National Carbo:
Company during Mey 1960. This resulted in the transfer of most of
the process development, scale-up, and evaluation to the Lawrenceburg
(Tenn.) Graphite Fadility.

h. During and after further deveiopmeut and performance evaIug-
tion of these products close contact wes maintained with the Aerospace
Industry by both John Brannon, Manager of Applications and the Air
Force project officers. ‘The high density graphite was selected for
(1) the Skybolt, second stage nozzle (weapon program suhsequently
cancelled), (2) Redeye Missile Nozzle, and (3) structural components
of the NERVA nuclear propulsion reactors. It was also a candidate fo:
the Polaris A-3 second stage nozzle but was subtsequently replaced by

pyrolytic graphite.
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STAGES AT WHICH REI'S OCCURRED

Steges ** Definition RET
0 Scientific finding (knowledge) 8, d
1 Recogriition of nev material (process)

possibility b, ¢c, 8
2 Creation of useful material (proccu)

form e
3 Feasibility of using the material (process)

in hardvare 4
b Possibility of using the hardware contain-

ing the material in & system
5 Production of the system (product) h#*
6 Operation of the system (product)

* 1a RET h, 1t 1o almost impossible to distinguish between stages 4
and 5.

** Stages wvere defined by the Committee for the purposes of this study,
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APPENDIX A
oMT 235/1

OFFICE OF THE ASSISTANT SECRETARY OF DEFENSE (RAE)
Washington 25, D.C.

5 September 1958

Report of Steering Group on Graphite
Research and Development

On January 7, 1957, the QASD(R&E), recognizing the potential of
graphite for high temperature applications but aware of its limita-
tions, gave an assignment to the Materials Advisory Board to prepare
a staff study on this material, considering tbe mechanical properties
of graphite needed in weapons then being designed, and outlining any
areas in which additional research would be necessary to achieve the
desired properties. .

This staff study (MAB-43-SM) was issued on May 9, 1957; some of
the more pertinent conclusions, in brief, are:

Better and more uniform graphite is needed for high
. temperature structural applications.

Performance requirements need to be spelled out by
weapons people; this would lead to the evolution of
specifications for pertinent gvades of graphite.

Since the commercial incentive for the development
of grades for military use is small, it appears
desirsble to increase Government support for re-
search on basic studies, unique manufacturing
methods, coatings, and non-destructive testing
methods.

The staff study vas reviewved by the Coordinating Committee on
Materials at its 1llth meeting on July 26, 1957; it was decided to send
the study to producers in the graphite field for comments and to set
up an informul working group with the Services and DOD staff to review
the present Guvernment research and development programs in graphite,
in order that an adequate study could de made of manufacturer's com-
ments. ' e

Activities of the Oroup

The Working Group's reviev of Government work and of replies from
the graphite companies led to the conclusion that lack of progress in
obteining graphite of proper quality for military application lay
painly in the inability of users to specify the properties needed.

oMr 235/1
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It also became clear that university type research, vhich involved
relat!) .y small pieces of graphite, did not fulfill all requiremsn
bec: se properties could not be extrapolated to larger pieces; and
thy “Yere was a large untapped source of "know-hov" within the
graphite industry that should be brought to bear on the general pro.
blem of obtaining better and more uniform graphite.

Accordingly the Working Group proposed to the Coordinating
Comittee on Materials that a tri-service program in research and
development of graphite be established, consisting of contracts witl
the companies manufecturing graphite. It was suggested that the
program might be managed by a single Service and if desired an MAB
technical panel could assist, as is presently done in the Titanium
Sheet Rolling Frogram. The Working Group stood ready to establish
the objectives of the program, to discuss with the graphite industr;
the feasibility of a cooperative effort, and to make recommendation:
to the Committee on the amount of effort required, including fundiny

The Coordinating Committee on Materials considered this propos:
at its 13th meeting on December 6, 1957, and approved it, establish:
in place of the Working Group, a Steering Group for Tri-Service Pro-
gram in Graphite Research and Development.

At a meeting on December 12, 1957, the Steering Group agreed w

' the suggestion of the Army member that an Army technologist make a

suivey ©f the usar field in &)1 thres ssrvices and report his find-
ings to the group. Mr. E. J. Dunn, of Ordnance Materials Research
office, was appointed by the Army member for this task. On January
195 8' Mr. Dunn gave to the group an outline of his proposed actic
vhich included & questionnaire to be submitted to users. The pro-
posed action vas approved by the Group, and subsequently Mr. Dunn
visited many plants in the user field, and also; together with membe
of the Group, visited companies in the graphite industry.

Membership in the group shifted from time to time; the present
membership is as follows:

M. J. C. Barrett OASD(R&E)

Mr. B, L. Bollady Army (Ord)

Mr. T. ,'o Bamill l.'y mM)

Gapt. I. K. Holdener Air Force (Materials Lab.)

Mr. Dunn's report, and recommendations arising therefrom, were
discussed by the group at meetings held in June and July, 1958 at wi
time the report was accepted. Followving is a summary based on aaswve
to the questionnaire and comments of the group:

oMT 235/1
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Question 1. Is there a pressing need for greater uniformity
apd standardization of properties and productt If so, bear
this in mind in answering the subsequent questions.

a. There is a definite need for greater uniformity,
as there are presently & large number of grades
of graphite, and property variations are so
great esven with any one grade that successive
samples of a grade offen vary more than the
average difference betwesen grades.

Question 2. Considering those areas ia which you currently
bave responsibility or in which you have knowledge and might
plausibly expect to have responsibility in the foresesable
future, please describe the various defense applications with
perticular reference to structural, thermal and other high
temperature uses wherein you feel graphite (if impregnated,
coated, etc. state details), is or might be profitably em-
ployed, designating which, but omitting those for integral
atomic reactor or nuclear use, or electrical uses. Please
1list the grade (and manufacturer), and salient properties
required in each application emphasizing realistic minimum
numerical values where poseible.

a. Uses for graphi*a in the missile field include
nozzles, Jet va.:8, Jetavators, liners, nose
cones, and injectors.

Question 3. Considering (2): (a) where a practical or
bable increase in some property would greatly enhance
g » please state the use and the improvements
(mnerictl values vhere possible) desired. (b) Please
list any additional uses wvhich might become profitable
vith u ssible moderate improvement in properties of
lude some quantitative estimate of the

M (1es) and improvement required.

a. BNozsle users are interested in higher strength,
higher thermal shock resistance, and higher
erosion resistazce. Erosion resistance is
particularly important because of the increas-
ing specific impulse of s0lid rocket fuels,
and the scouring action of metal additives.
Jet vans users also need erosion resistance
without a lessening of thermsl shock re-
sistance; also uniformity is very important,
as the loss of part of a vane means loss of
a missile. Coatings and impregnants have
been used in attempts to improve oxidation
resistance and erosion resistance with

o 235/1
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limited success. Estimates of strength are
given, but these vary with the application; it
is the consensus, however, that higher strengths
&re needed.

Question k. Do you have research or development worx in progress
or presently contemplated to develsp material of the properties
required in Par. 3, and if so, please give a sufficient des-
cription of the work so that its value to an over-all graphite
RAD program might be determined, vhen it will be completed, vhere
it is being done, and your comment as the adequacy of the effort
considering the importance of the application.

a. While the Services are carrying out some work
on graphite, the users in general are testing
the cummercisl types of graphite, sometimes on
pleces especially selected by the producers.
Because no criteria for specifications exist,
selection of pieces and grades by the producers
is somevhat haphazard.

Question 5. Is the property information currently available
sufficiently complete for design use for each grade for each
specific applicationt If not please indicate specifically
vhat 18 needed (include simple or direct property measurements
if any listed in Par. U4 above and indicate whether that effort
is sufficient).

&. Mechanical and physical property information is
not adequate and available in all cases, in part
due to the nature of graphite and to variations
in graphite. Needed are more reliable property
data, particularly at temperatures above 3000°F,
and criteria for evaluating and comparing thermal
shock resistance, mechanical shock resistance
and erosion resistance. It is noted that National
Caxrbon is working on a comprehensive handbook on
graphite, vhich should be of some help, even though
it deals only with present comnmercial grads graphites.

%nnoa 6. Considering (2) and (3), as a measure of irdustry
please estimate the foreseeable poundage per year
probadbly required for each item (list for items 2, 3a and 3b
separately) under mobilization condit” -ns. In many cases ob-
viously the poundage figure bears no relation to the importance
of the item to the Defense effort; thereiore, additionslly please

cuT 235/1
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include any other parameter you care to for such items, i.e. if
the proper or desirable functioning of some large missile, missile
system, or other important item is prevented or limited by some
specific property of a small piece of graphite, poundage figures
have no meaning as to the effort worthwhiles to effect improvement,
but consider alternative design or materials vhen indicating this
importance.

a. Poundage figures were not forthcoming, but it was
the consensus that graphite is important to missiles
and that it should take a priority ahesd of ceramics
and cermets. This is 20 because graphite is the
only material known to increase in strength as the
temperatures is raised (with a peak at about 4500°F).

Question 7. If you believe there is a need for increased effort
other than ss indicated sbove, please state specifically vhat is
needed and vwhy; please give any general comments pertinent to this
questionnaire and its subject.

a. It is agreed that need for incresased effort exists,
and suggestions for the direction of this effort
follow:

Properties obtained from destructive and non-destructive tests
should be correlated with ead use results. DOD control through a
cousulting committee with personnel from the missile and graphite
industries should be maintained.

A pev manufacturing process or processes are needed to produce
uniform missile grade graphites, with the manufacturing facilities set

spart from existing plants.

Better starting rav materials are needed. Specifications should
be established to control uniformity of rav material character in
order to achieve processing control aud uniform end product.

Work should be carried out on pressure bnnu:' controlled porosity
(for thermal shock resistance), grephite "vhiskers”, pyrolytic grsphite,
melting of graphite, crystal structure, and the control of anisotropy.

Some general comments in Mr. Dunn's report are also summarized:

The three graphite companies which were visited - Great Lakes
Carbon Corporation, National Carbon Company, and Speer Carbon Compeny -
were very cooperative in stating their problems and offering suggestions
to uwon gsphite. All have research facilities; National Carbom,
vhich is the largest company, has a well established and well staffed
facility involved in a surprising amount of basic research on carbon

and graphite.

oMr 235/1
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Unreslistic factors of sarety musi be used iu desiéning for
graphite because of the lack of available design information.

This reiates primarily to the fact that at present no graphite
specimen 18 precisely like avny other graphite specimen, no successive
lots are identical even in average properties, and that each graphiite
is influenced by a large pumber of independent and interdependent
Zactors associated with its compcesition, fabrication and thermal
history. It is felt that efforts to obtain precise numerical values
for physical properties will largely te ineffective until a better
understanding of the relation between these properties ani the factors
influencing them is obtained. It is felt that more wourk should be
sponsored by the defense agencies, and chat a carefui effort be made
to coordinate and disseriinate the results. This efYort will largely
be wasted unless it is accompanied by an opportunity for close and
affective cooperation among the contractors, the carbon companies,
those presently responsibie for sprce vehicle design, and the military
agencies.

It is noted that there apparently will be no one grade of graphite
capable of handling the gamut of missile uses. Increaeing density (by
reducing porosity) or iucreasing strength which, et present, inveri-
ably results in a reduction of thermel shock resistance, is not the
panacea first thought; this is proven by a study of the Chrysler-ABMA
vane work wherein a relatively pooi extruded graphite is successful
vhereas a prewium higher strength one fails by thermal shock.

There is a definite "size factor™ in graphite technology. Pro-
perties of small size pieces caanot be translated to lerger sizes, so
that what proves to be sucressful in laboratcory investigations might be
vholly inadequate when fuil size ccmponents are involved. Because of
this differential, tests muet gererally be conducted on pieces of
somevhat the same size as the end item in question.

It is poiuted out that the starting mutcrials in the sanufacture
of graphite are oil refinery coke and ccal tar pitch. These are com-
plex organic compounds vhich vary in cuemical composition and physical
properties from one batch to manother. Frocessing variables such as
baking temperature, graphitizing temperature and section size all
influence the character of the graphite and the resulting properties.
Because of this complexity, it is not surprising that reliable pro-
perty volues as related to end uses are practically uanknown.

The report wms accepted, and agreed recormendations were evolved,
based on suggestions in the report.

CMP 235/1
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Recowmendat’one of the Sisering Group for R&D Progyam on Graphite

Short Range

1. That a contract be crected to
develop experixsntally end to pro-
<duce in required sizes for typical
applications, suitable miesile
grade graphites, and to measure all
of their pertinent properties. The
contractor showid be in a position
to exercise control over the quali-
ties and properties of the raw
naterial, and must have edequate
facilities and experience with re-
search, development and productlon
of speclal types of graphite. The
nev process of "pressure baking",
wvhich results in a more unifomrm

t of ‘

1500
(over 3 years) (ewxsluding
nev facilities vhich eventually
may be necessary, and whicu vill
cost about $3 million).

Product and which cuts lead time drasti-

cally, should be included in this
yrogram.

2. That a coordinated program of
end item evaluation by the users
be established, to tie in with
Recommendation #1, and to come
into being after Recommendation #1
1e implemented. Users should in-
clude Government laboratories and
nissile development contractors.
Testing of both full size compo-
nents and smaller standardized
specimens shoull be undertaken.

3. Tiat the present laboratory
¢, forts svonsored by the Services
“n vwaich attempts are being asde
<0 accomplish on a wmll scale
generrlly vhat is proposed in Re-
comr=pdation #1, be continued, and
thei. these efforts be coordinated
wvith, provide auxiliary input to,
and act partially as an unbiased

check Hn the effort in Recomasndation

#1. These efforts wight also be
directly spplicable to small size
Yieces. Sponsorship of contracts
for new processes, and aoquisition
of information from private sources
on such processes, should be en-

couraged.

1500

(over 3 years)

150

cmr 235/L
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Short Range (continued) Total m%
(thousands of 8

4. That a contrect be given to an 50
independent research organization

for the purpose of surveying the

current work in the fields of ceat-

ings, gaseous deposits, and im-

regnants. The end product of the

survey should be an evaluation of

the adequacy of the present effort

and recomendations for further

work.

5. That a progran to evaluate the 100
advanteges of extruling and moll-

ing to shape be created; comparison

of the undisturbed surface with that

of a machined surface could be made,

as it is suspected that mechining

may be detrimental. This effort

should be correlated with, or might

fora pexrt of the cited in
Recommendations #{ and #2.

o 235/1
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Recomnendations of the Steering Group for R&D Program on Graphite

Long Range Total Estimated Mundi
mIEEFo ‘

(Note: the following recommendations refer only to missile-
grade graphites such as will be forthcoming from the program outlined
in Recoumendation #1; commercial grade graphites are not considered.)

6. That the present program on im- . 200
provement of erosion and oxidation

resistance through additives to the

greaphite mix be expanded to consider

a.l avenues of approach.

7. That research work on high 100
strength graphite "vhiskers" be

expanded to determine their pe-

tentialities; an investigation

should also te made to determine

whether these vhiskers can be form-

ed into aggregates. '

8. That & contract be established 50
for further rcsearch in dlffer-

ential heat flow graphites and

determination of their properties.

9. That a fundamental study of the 50
crystal structure of graphite de

made, indluding allotropic formws

(otber than dismond) which may

exist at high temperatures.

10. That an investigation be made 100
of poscidle methods for comtroll-

ing the «hape, sise, and amount of

pevosity in graphite, and to deter-

e 12 such control leads to greph-

{te of betler thermal shock re-

sistance.

11. That methods of control of an- 100
iactropy in graphites cast from a

molten condition be investigated

end. developed, to determine if

usxble products will énsue; bot

w vk of such graphites and also

conventional grapbite could de an

adjunct to this work.




H-33

Establishment of an Experimental Plant for Missile Grade Graphite.

The survey report leads one to conclude that immediate considern-
tion should be given to the establishment of a facility to produce
missile grade graphite, as opposed to present commercial grades. The
non-uniformity of the present grades, the reluctance of the industry
to put its own money into developing a small tonnage product with little
or no profit, and the problem of predicting properties of large pieces ‘
of graphite from results on small pieces are all obstacles to the develop-
ment of the high quality graphites meeded for missile applications. Re-
commendation #1 is designed to f£ill this need, and if it is not filled
many of the other recommended steps might not be worthwhile.

Recognizing that this concept is of highest priority, the Steering
Group took preliminary action in this area prior to full consideration of
the other recommendations, and instructed the OASD(R&E) staff member to
prepare a letter to the graphite producers, asking them to comment on
the feacibility of setting up a pilot or experimental plant, which would
be divorced from their other facilities, and vhich would be run on an
R&D rather than production basis. A copy of this letter, and copies of
the replies from five of the graphite producers, are attached to this
report. ZPerusal of the repliés indicates that the graphits companies,
on the wvhole,are in full accord with the coacépt and would like to enter
into a program of this type.

The Steering Group feels that this program should be implemented as
soon as possible. It is felt, moreover, that National Carbon Company
should be awvarded the contract, because of its preeminent position in
research and development within the industry (corroberated by committee
visits to the producers) because of its more positive progrsm as out=
lined in its reply to our query, and because it recently has developed
a "pressure baking" process vhich should aid in the development of
graphites with reproducidble properties. It is probable that the work
can be initiated vith the company's present fuacilities; if the demand
is great encugh and there is need for further refinements in process-
ing, new facilities may have to be Built. In that event and particularly
if production of reasomabdly large gquantities is involwved, coordimation
can be effected vith fucilities and production personnel in the Services..
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Previous Alternaiives: The lowv- and medium -priced specialty
graphites were developed from the electrode type, with gradual im-
provements in quality from general advances in graphite technology.
These graphites are satisfacteory for the majority of industriel uses.

The premium-priced ATJ specialty graphite was developed to meet
the need for highest quality and finest grain in critical uses such
as dies for continuous casting of metals and nuclear-reactor parts.
The ATJ process could not be practicsbly extended to pieces beyond
about 17 inches in diameter,

For larger sizes of specialty graphite 30 to S0 inches in dia-
meter, it wes necessary to use the ATL typ2 of mediva-grain structure,
vhich has a lower strength.

Background: As part of the management decision to adapt grsphite
to new uses, & general R&D obJective//,m to develop graphite of maxi-
mm homogeneity and uniformity of properties. In 1950-5h studics of
thermosetting binder systems were eixtended to new resins and culpiur-
modified pitches. The expanding develorment. of the pressure molding-
baking process (started in 1955) stimulated thinking toward the
possibility of using pressure precesses in the productior of graphiter
vith greater structural homogeneity. '

tion of the Need: New levels of technical and econcaic
factors associated with graphite were introduced in the early 1950s

‘dy missile uses, vhich emphasized the need for graphites of improved

reliadility wvith properties of the highest possible level. About 1955
similar needs were indicated for muclear reactors that called for larg
pleces of graphite impermeable to molten metals.

During mid-1955, in view of these prodiuct needs and the alrealdy
promising development of the pressure molding-baking process, C.A.
Odening, Director of Development, Natioral Carbon Company, authorized
a group of development eangineers, led by R.C. Stroup, to experiment wi
pressure curing of the thermosetting resin binder systems studied in
the early 1950s.

‘ : The first experiments with pressure curing used a
resin r for test pleces 3 inches in diameter. Although these
pleces could de cured, they could not be baked. In 1956 the work
shifted to pitch b s vith sufficient sulphur to effect thermo-
setting at around to TOOOP, After successful trials with k-inch
pleces, equipment was improvised to make graphite pieces 264 inches
in diameter dy 13 inches.

This experiment showved that the principle of pressure curing
could be used for developing a process to make a homngensous carbon
article at around TOOCF, which then could be baked and graphitiged.
The advaniuge indicated wvas the ability to process relstively large
pleces of fine-grain structure vith bond levels optimized for physi-
cal properties of the graphite.
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APPENDIX B

Related Graphite Advances

Improved Large-Diameter, Fine-Grain Graphites

Nature of the Problem: Flexibilities in graphite fabrication enable
to a considerable degree the optimization of properties to meet specific
performance needs. For exsmple, graphite for furnace electrodes is
designed for maximum resistance to extreme thermal shock, high-tempera-
ture strength and e‘ectrico.l conductivity. Similarly, grephite for
chlorine anodes is designed for maximm resistance to chemical-reaction
conditions and electrical conductivity. The numerous other specialty
applications of graphite require a wide range of characteristics in
structure and properties; for many of these uses, the technical require-
ments allow the use of relatively normal grades, vhereas other appli-
cations are sufficiently critical to jJustify the use of premium types

of graphite.

Graphite processing becomes more difficult as the size of the
product increases. Thus the size of the piece needed for an appli-
cation is a criticel factor in the production of a graphite article
vhose structure and properties meet performance requirements.

Commercial graphites for specialty uses have bev: developed in
three general types:

Lov-priced Mesdium-grain structure to 12 inches in dia-

(e.g., AGSR, msx) meter; coarsé-grain in 1lk-to 35-inch diemeters.
May have minor internal voids and laminatious.
Bas good thermal and electrical properties. As
sise increases, grain becomss coarser, with a
.reduction in streagth.

Medium-priced Medium-grain structure in 30- to 50- inch dia-

(e.g., C8, ATL) meters. HNas Detter structural quality and
strength in larger sises.

Premium-priced Extremely fine-grain structure to 17 inches in

(e0.g., AN) diameter. Structure is essentially free of

flavs. Has high strength. Can be machined
to very close limits and sharp detail.

In adapting graphite for the most critical applications, the real
need is for structural homogeneity and the adbsence of fissures or
localized areas of lower density, strength, etc. Thus, it is a per-
ennial objective of the R&D program to find means for improving
structural homogeneity and texture for a larger sisze range and at a
cost consistent with the economics of the material's end use.
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Previous Alternatives: The lov- and medium -priced specialty
greaphites were developed from the electrode type, with gradual im-
provements in quality from general advances in graphite technology.
These griaphites are satisfactery for the majority of industrial uses.

The premium-priced ATJ specialty graphite was developed to meet
the need for highest quality and finest grain in critical uses such
as dies for continuwous casting of metals and nuclear-reactor parts.
The ATJ process could not be practicably extended to pieces beyond
about 1T inches in diemeter.

For larger sizes of specialty graphite 30 to 50 inches in dia-
meter, it was necessary to use the ATL typ2 of mediuva-grain structure,
vhich has a lower strength.

Background: As part of the management decision to adapt graphite
to new uses, & general R&D objective was to develop graphite of maxi-
mm homogéneity and uniformity of properties In 1950-54 studics of
thermosetting binder systems were extended to new resine and eulpimr-
modified pitches. The expanding develorment of the pressure molding-
baking process (started in 1955) stimulated thinking towvard the
possibility of using pressure prccesses in the productiorn of graphiter
with greater structural homogeneity.

tion of the Need: New levels of technical and econc.sic
factors associated with graphite were introduced in the early 1950s
Dy missile uses, vhich emphasized the need fuor graphites of improved
reliadbility wvith properties of the highest possible level. About 195%
similar needs were indicated for nuclear reactors that called for larg
pleces of graphite impermeable to molten metals.

During mid-1955, in view of these product needs and the already
promising development of the pressure moliing-baking process, C.A.
Odening, Director of Development, Natioral Carbon Company, authorised
a group of development enginsers, led by R.C. Stroup, to experiment wi
pressure curing of the thermosetting resin binder systems studied in
the early 1950s.

: The first experiments with pressure curing used a
resin r for test pleces 3 inches in diameter. Although these
pleces ocould be cured, they could not be baked. In 1956 the work
shifted to pitch binders with sufficient sulphur to effect thermo-
setting at around 600°F to T00°F. After successful trials with k-inch
pleces, equipment was improvised to meke graphite pieces 264 inches
in diameter dy 13 inches.

This experiment sdhowved that the principle of pressure curing
could be used for developing a process to make a homngeneous carbon
article at around 700°F, which then could be baked and graphitiszed.
The advaniage indicated was the adility to process relstively large
pieces of fine-grain structure with bdond levels optimizad for physi-
cal properties of the graphite.
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Developmert Scale-up of New Material:As an inttiel step toward
scaling up the pressure-curing process, Rational Carbon set up sn
experimsntal facility at its plant in Columbia, Tennesses, to do
trial work on 17- and 4O-inch-diameter test pieces for the Babcock
& Wilcox LMFR program. During 1957-1959, this work showed that the
process had a potertial capability of producing graphite of excellent
structure and improved uwaiformity-if optimm control of the process
could be developed, particularly to avoid gradients that caused cracking.

Thus, the National Carbon-s“upgorted development of pressure
curing, together with precursor work on pressure ~aking and thermo-
setting-binder systems, made it possidle to undertake a specific
development project aimed at the goal estadblished by contract
AF 33(616)-69015, "...fabrication of large size pieces of graphite which
are equal or supericr to ATJ grade and have approximately one-third
the standard deviation of the properties of strength and bulk density

Ny

of ATJ."

For this contract, the development work on improved process
equipment, materials and techniques produced RVA graphite in sizes up
to 30 inches in diameter by 40 inches in length that had (1) aversge
physical properties close to those of ATJ and (2) standard deviations in
strength and density not more than one-third those of ATJ. Under
;cemu-act AF 33(657)-11304, RVA has been scaled up to a dismeter of
inches.

This preccess was also used to develop an even finer grained
graphite, grade RVD, for improved resistance to erosion.

Another graphite developed with this process is gredes RVC, whose
thermal expansion charecteristics closely mtch those of silicon car-
bide to around 20000F., Thus, RVC is an excellsnt substrate for silicon-
carbide coatings to protect against oxidatiom.

Testing and Uses of Nev Materialsd:

(1) RVA vas sgproved by Asrojet-General to be used in nossles
for Algol motors used on the Little Joe and Socout programs.

(2) CPFL(RVA with imgregnation) is Asrojet-Gemerel's leeding
candidate material for the first-stage noszls of Poseidon.

JTbid., Vol. XIT and Supplement, "Development of an Improved,
-Dismeter, Fine-Orein Grsphite for Aerospece Applications”

(RVA); Vol. XIII and Supplement, "Development of a Fine-Grain

Isotropic Graphite for Structural and Substrate Applications®

RVC); Vol. XXXVIII and "Deve of an Improved
PRI R I e o = I o -
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(3) RVD, an all-flour RVA, was tried once unsuccessfully by
Thiokol Corporation and Picatinny Arcenal for Minutemsn's first-
stage nozgle. The failure was due to a misunderstanding in the
initial production of RVD, vhich was not representative of present
RVD grephite. ‘

(&) RVC, a high-thermal-expansion form of RVA, was develcped as
a machining substrate for silicon-carbide coatings. It was used
successfully for the Dynasoar nose by Ling Temco Vought.

The RV series nov makes available large monolithic articles of
grephites wvith fine-grain structure and much more uniform physical
properties than previous graphites had. The process is flexible and
enables the development of graphite grades with new combinations of
physical properties as required to meet nev service needs.

Oxidation-Resistant Graphite-Base Cozpcsites

Nature of the Problem:’ Graphite has excellent properties for
uses requiring high-temperature strength, thermal-shock resistance,
electrical or thermal conductivity, machinability, etc. These pro-
perties arc particularly valuesble for spplications such as furnace
electrodes, metallurgical process equipment, nuclear reactors and
rockst components.

A characteristic restricting some uses of graphite is oxidation,
beginning at temperetures over about 70C°F. In many uses, such as
elsctrodes, the rate of oxidation even up to 3000°F is not prohibitive,
oonsidering all other factors of use. Howsver, there are applications
for which oxidation and erosion conditions are extreme, e.g., for
rocket nossles or other high-temperature uses in vhich structural
integrity and strength must de maintained within critical limits.

The development of increased resistance %o oxidation, therefore, is
a natural consideration in the RAD program for expanding the uses o
graphite.

Previous Alternatives: Many approaches have been studied for the
development of oxidation-protective barriers on the surface of grephit..
The first attempts, from sabout the 1930s to 1951, investigated mainly
coatings, such as boric oxide and other ceramic materials.

Beginning in the early 1950s, the need for rocket-nozzle materials
greatly intensified the search for protective coatings. During 1953-
1957, much work wes done on many types of coatings, impregnating or
infiltreating graphite with metals to form coatings such as carbides,
oxides, nitrides or silicides. The major difficulty with coatings is
in getting an adherent and oxygen-impermeable coating which is really
effective and mechanically practical. Only a fewv of these coatings
showved a limited usefulness, for example, silicon cardide and silicon
nitride.

p_:‘c_'gﬁound: In its general FAD program, Natioral Carbon has
studied the mechanism of carbon oxidation and possible controls.
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For example, in 1924 protective oxide coatings for arc carbons were
studied; in 1935 metal coatings for electrodes; and in 1943 boric-
oxide coating for metallurgical molds. In 1948, coatings were classi-
fied with respect to their end-use requiremsnts and vhether they were
solid, plastic or liquid in the operating temperature range. This
recognized the value of self-healing for the coating. Studies were
made of the oxidation rates of graphites as affected by composition
and processing. Fire-pioofing impregnations, such as the phosphoric-
acid type, were investigated. In 1951, under contrsct, Armour Re-
search Foundation developed & technique for spraying fused oxides on
the surface of graphite, but the oxide filis were too permeable. In
1952, a carbon dbrick composite with boric oxide and silica wvas develop-
ed viich formed a self-healing glaze vhen the brick oxidized. In
1955, under contract, Stanford Research irstitute studies zirconium/
zirconium-oxide coatings for graphite.

Since the late 1950s, an extensive R&D program has been maintain-
ed for the study of properties and the fabrication of high-temperature
refractory compounds such as boron nitride, titanium diboride and
zirconium diboride. In 1957-58, as the result of progress vith the
pressure molding-baking process, and the jet torch nozzle test, con-
ventionally processed composites of graphite with titanium carbide,
zirconium carbide and boron ciarbide were studied for possible use
a8 rocket-nozzle materials. Silicon-carbide and silicon-nitride coat-
ings were developed.

Recognition of the Neel: The key action leading to the recogni-
tion of poseibility of developing the new graphite-base composites
was the 1957 decision to study “igh-density graphite, which led to
development of the hot-forming rrocess.

By 1959, the hot-pressing process was making high-density gre, aite
blanks 2 inches in diameter for MERM nostle “ests.

%n 1960, K.J. Zeitsch, the development engineer
working t-pressing process, was trying to make 2-inch-
diameter grephite over 2.0 g per cc in density, starting with coke
flour. He wvas adble to make pieces of abcut 2.0 density, but most of
them had a conchoidal fracture. To strengthen the graphite, he added
metal compounds, vhich melted during the kot pressing and were squeezed
into the pores of the plistically compressed cardbon matrix to produce

s semialloyed graphite-b.se composite.

Zeitsch first tried boron carbide as an sditive. Pnysical-
property testing showed :he first pieces of this composite to have
resarkably lov permeadility. Previous tests vith the National Carbon
Jet torch and MERM nossle tests vwith Aerojet-General had indicated
some correlation between permeability of the grsphite nozsle throat
snd resistance to flame erosion. In view of the lov permesbility of
the composites, Zeitsch tested them for oxidation and found outstand-
ing resistance to oxidation in terms of weight loss. With this
promising finding, further investigation was undertaken as part of
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one Oof the guals of contract AF 33(616)-6615, deseribed es “...4n-
vestigation ¢f ismregnante, coatings. cardides, {'bess, uniqee pro-
cesgses a~d unusual carbon hase composites.”

Development Scale-up cf New Mmterials. Workiag with 2-inch-
Alameter pleces, Zeitech carried out teats with n wide wvariety of
additive materials, proportions, acd processing conditions té estadll:
general guiding principles for selecting matexrials to give optiman
Properties for various opevating stemperature ranges. In general, the
additives can be borides, cardbides and gilicides of refractcry metals
The cardon content of the graphite composites generslly exceeds 0
Tercent by volume, in order to keep the ltasic xpuperties of graphite.

Special test equipment was Jdeveloped sc that effects of high-
temperature oxidation on properties of the graphiie composites covd
be messured. Weight loss by arc imaze and levitarion furnace testas,
flexursl strength, trermal expansicn and thermal and elegtrical con-
d ictivitiag vere measured at exposures up to around 4500°F.

As a basie Jor size scale-up, a graphite/zirconium-diboride/
silicon compoaition wag selacted ns representing a reasonadle balance
of properties for present uses. The first scale-up was to S inches
in diameter to enadle initial hardware evaluations. Scaleup to 14
inches in diameter hag now been mccomplished.

Thesce graphite-base comosites are a unique type of high-
temperature material that is homegeneous and intrinsically resist-
ant to oxidation. VWken these eampogites are exposed to oxidizing
conditiors, they form u glazelike surface of highly refractory solid
solutions of oxides which protects against further oxidation; this
surface is self-reneving if dameged. Since the composites are homo-
geneous, they can be mechined without destroying their oxidation
resistance. It is possidle to mold articles roughly to final shape.
These composites have excellent physical properties at high tempera-
tures.

Testing and Uses of New Mnterialsh: The JTA graphite-refractory
composite is used by Rocketdyae in attitude control mctore for Germini
and Apolln. These motore sust wmaintain controlled thrust in start-
and-stop pulse-type operatiou over many cycles ol varying duration.
The hypergolic 2fuel is so highly oxidizing that conventional graphite
do not stand up. JTA is an oxidation-resistant form of grephite whici
is used in motors vith flame temperatures as high as S0000F with
suitable heat-dissipation designs.

JTA has been successfully tested for Surveyor by Space Technolog
Laboratories. This composite 18 now being tested by geveral organi-
zations for hypereonic reentry and otl.r high-performance requirement:
JTA has been scaled up to 14 inches in diameter, which is adequate fom
nozzlege and leading edge sections.

FIbid., Vol. XXX, "Oxidation-Resistant Graphite-Base Composites.'
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JTA represents only one grade of these graphite-refractory
composites; its composition and properties were developed as the
best overall balance for present sarvice needs. With this hot-forming
process snd the great compositional flexibility and with further study
of basic mechanisms, it will be possible to develop other graphite-
refractory composites with properties adapted to meet specific needs
of new uses requiring such types of high-teampersture structural
materials.
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A CASE HISTORY
OF
THE BARLY WORK LEADING TO THE INVENTION

oF LODE*E PERMANENT MAGNETS
NARRATIVE

Introduct 16n

This is a story of materials synthesis; the delikerate construction,
plece by piece, of a complex material composite using scientific principles
as & base to produce a product with prescribed properties. It is tempting,
in retrospect, to describe the process by which this orderly synthesis was
achieved in terms of deliberate rational steps. This will be resisted hcti,
however, for one of the important points which this model example of materials
synthesis emphasizes is the role of the unexpected, the accident, the chance
observation by prepared minds, in bringing about technical advance.

®

Lodex" Permanent Magnets consist of fine particles of magnetic lronya;
iron cobalt, with esch particle surrounded by a protective costing of non-
magnetic material (e.g. tin, aluminum, or zinc), and imvedded in a matyix of
non-magnetic material such as lecd or plastic.

2

s

The outstanding permanent magnet properties of this materisl stem from
the fact that the fine magnetic particles are made in the shape of rode & few
hundred angstroms in diameter and several times this dimension in length. The
experimental nri!icstion of the existence of shape anisotropy, the specific
discovery at the General Rlectric Compeny of materials made from such elongated
magnetic particles, the electro deposition processes by which the particles are
made and the technique for protecting and assembling thess particles into
commercially competitive magnets form the subject of this case.

Scisncific Pecksrovnd

From the earliest timer magnetic phenomens have excited men's imegination.
Up until about 1200 A.D., however, the only magnetic material known and ex-
ploited was lodestone, 8 naturally occurring magnetite. At this time the first
artificial magnet was made from iron. Iron and plain carbon steel were then used
as a permanent magnet material principally for spplications such as a mariner's
compass until the discovery in 1917 of the 35% cobalt K. 8. magnet steel.




This material had over five times the coercive force of previous alloys and
considerably widened application possibilicies.

The next significant development in permanent magnets came in the 1930‘s
with the rapid discovery and exploitation of a whole series of precipitation
hardened and order hardened alloys with coercive forces two to three times
higher than cobalt steel. The wost significant of these was sa-family of nickel
aluminum iron precipitation alloys, with coercive forces up to 700 oersteds,
which were to tecome known as the Alnico magnet alloys. In spite of the extreme
brittlemess and high cost of these materials, they nonetheless had gained a well
established position in Industry by 1940 due to the combination of high coercive
force and high induction that they exhibited.

The theory of magnetic phenomena and the behavior of magnetic materials
progressed steadily throughout the world after about 1900, Nonetheless, permanen
magnet material development had remained largely an empirical art through the
1930's. Each alloy was developed by a mix and measure procedure and its proper-
ties optimized by trial and error casting and heat treating practices. The Alni
alloys were developed in :his way. Although the theory of magnetic behavior
advanced considerably during this period, no widely accepted explanation of the
magnetic properties of this alloy were forthcoming until the mid-1950's,

Work on magnet development continued at a conaiderable rate during the
decade of 1940 due to a combination of factors, The outstanding magnetic
materials then known were not only very brittle snd hard to make in precise
shapes but also contained nickel and cobalt, both stretegic materials during
the World War II and Korean conflicts and both expensive materisls in peacetime.
In addition, the theory of permanant -n;ﬁot behavior was rapidly advancing,
draving additional experimenters to the field to verify and exploit the advances
in understanding.

By 1940, it had been firmly established and broadly recognized that
magnetic materials contained many magnetic regions or domains, each magnetiszed
to saturation along any one of the easy magnetic axes in the material. Esch of
these separately directed regions had been shown by Bloch in 1932 to be
separated by a transition zone, or Bloch wall, several hundred angstroms thick,
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in wvhich the magnetism gradually changed direction. The magnetization process
had further been shown to consist of the motion of these walls, allowing those
domains oriented in the direction of the applied field to grow at the expense

of others.

On this background it had then been hypothesized that permanent magnet
materials derived their properties from one of two possible sources. Either
fine non-magnetic particles or other obstructions could be put into s magnetic
material to inhibit the motion of domain boundaries, or the magnetic material
could be sub-dividi:d so fine that it could no longer contain a domsin boundary.

The permanent magnet properties of fine particles had been dewonstratéed
but not recognized as early as 1896 by Nagaoka in Japan who achieved a coercive
force of 370 oersteds in iron electrodeposited in Mercury. However, no satis-
factory method of compactior. of fine iron particles was demonstrated until
Honda in Japan in 1937 produced a compact of fine irom particles from the low
temperature reduction of irom oxylate. ~ Finslly, in 1941, Dean and Dnvia(”
were granted a patent wvhich was assigned to the Chicago Development Company
on & magnet compacted from fine particles of iron electrodeposited in Mercury.

Bach of these processes produced particles of substantially round shape.
The coercive force was thus determined by the ease with which the magnetiszstion
could be rotated out of the preferred crystal directions. This magnetic crystal
anisotropy for iron is not very large amd so the utility or magnets made in this
wvay vas limited. Nonethsless, & fine irom particle magnet was developed by Neél
and others in Prance during World War 1I and was commercially produced by the
Societe de Electro-chemie, d'Electro-Metallurgie et des acieries Electrigue
d'Ugine in Prance and later by Salford Rlectric Instruments Ltd. in Eanglend.

During the early 1940's, three developments occurred which greatly
influenced the course of magnet development. The first of these was the positive
demonstration by Guillaud in Prance in 1943 that the origin of the coercive force
of fine round particles was the crystal anisotropy of the particle and that this
could be made very large by the selection of the proper material for the particle.
He worked principally with manganese bismuth and achieved a coercive force of
12,000 cersteds. Unfortunately, the high temperature coefficient of this materisl
and the high price of bismuth make it of chiefly academic interest.
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The second advance vas made simultaneously by Nedl, Stoner and Wolfarth,
and Guillaud in 1947. They theoretically predicted that a fine magnetic
particle would have a coercive force which was dependent on its shape. Stomer
and Wolfarth calculated that the maximum coercive force of an elongated parti-
cle could be as high as ons half of the saturation induction of the material,
giving approxﬁutcly 10,000 oersteds as a possible coercive force for irom. )

The third advance, that of éhc development of the electron microscope
by which very fine particles could be seen and their nature verified, came
from work apart from magnetism and demonstrates the strong interaction between
scientific fields.

This was the world science stage upon which the development of Lodep
Permanent ldagnets was set., Considerable activity existed throughout the world
in attempts to underscand and improve empirically developed properties of
Alnico and other alloy magnets, and to find msterials with high crystal
anisotropy to develop magnets of the kind demonstrated by Guillaud in Prance.
Little effort was being directed toward the development of elongated single
domain particle magnets for three reasons. liirst. the theoretical concept of
shape snisotropy was new and not universally accepted. Second, no method had
been demonstrated to produce elongated fine magnetic particles of any kind to
test the theoretical predictions. 7™ird, since techniques were not readily
available for sesing such fine pa ‘cles, shape was not an observable variabdle.

Indust ]l Bsckground

During the period of the 1940's the General Electric Company, & manu-
facturer of a broad range of electrical and related equipment, was situated
in & large number of separate plant locations. Each location concentrated on
a different set of product lines and each operated semi~independently of the
other but connected through the Company headquarters. In addition to these
product departments, the Compary maintained several central service organi-
sations, one of which was the General Electric Research Laboratory.

Although much of the more advanced sciantific research of the Company was
carried out in the central laboratory, each department maintained its own staff
to carry on advanced technical work of direct and immediate interest to its
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product funciions. Since the technology underlying the products of various
departments overlupped, & series of technical committees (consisting of members
from each interested department and the central laboratories) had been developed
to maintain effective communication between groups and to coordinate similar
activities.

Of the several departments in General Elactric with an interest in
permanent magnet materials at tht time, the Meter and Instrument Department
in West Lynn, Massachusetts had assumed & leadership role. The engineering
design and competitive performance of most of the products (in particular
the electric watt-hour meter snd the then growing line of aircraft instruments)
of this department depended critically upon‘:,\\the magnetic properties and costs
of available permanent magnet materials. A.Qa consequence, the department
had for some time maintained a development program in permanent magnetism
and manufactured magnets for its own use. Its technical personrel had made a
wumber of inventions in the processing of cobalt steel, silmanal, vectolite,
Cunico, Cunife, Alnico and other alloyi that the department manufactured,

During the 1940's the manager of engineering in the Meter Department vas
I. P. Kinnard, vho also held the position of chairmen of the Magnetic Committee.
The head of the metallurgy group in the Research Laboratory during this same
period was W. Ruder, who was chairmen of the Magnetic Research and Development
Subcommittees. ’

I. 7. Kinnard was an outspoken man of strong will and sound technical
judgment, who had hired most of the emgineers in his organization persomslly,
principally during the 1930's. Although the group engaged in advanced technical
vork wvas no larger than a fev men, they ‘made a considerable contribution to the
economic development of permsnent magnet materisls from the early 1930's
through World War II.

The tone of the Meter Department effort was set by Kinnard. He had an
abiding faith in the value of sdvanced technical work, in particular in materials.
He sav in materials advance thc principal area of both engineering and manu-
facturing innovation opportunity for his products and he focused much of his
attention on it,
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His own creative imagination, technical judgment and snalytical ability
were sound and he exercised them constently in dealing with his advanced
technical people. He insisted that each person set challenging technical
goals and review his work perfodically in the presence of his associates
and technical peers and insisted upon a convincing technical justification
for the work and the direction that it was taking. Once convinced of the
merit of -8 project, he became a stou: champion and often chided the younger
technical msn with "If you are really convinced of the value of the work,
why should you be concerned about me?"

In the 1940's the advanced techrical work became formally organized in
& Measurements Laboratory and later a new facility was built to house the
organization. Although a laboratory manager was in place between Kinnard
and the laboratory staff, his personal interest and technical judgment
continued to be & predominant factor in the atmosphere and conduct of the
research and development work.

Work Leading to Elongated Fine Pnrticlcl

In the later part of the 1940's, H. T. Paus, a particularly inventive
engineer of the Meter Department Laboratory began investigations into the
Dean and Davis patent and the Nedl process, trying by purely empirical means
to duplicate and improve on the fine particle results of Cean's work. He was
joined by L. I. Mendelsohn and later by W. Meikeljohn. All chree of these

workers tried vcrtoug methods including electrodeposition of iron in wmercury
and decomposition of iron salts, off and on to improve upon the fine particle
magnets then known. All of these attempts were based purely upon empirical
reasoning. In time this work wes abandoned for lack of promise and it became
evident that if any substantial progress was to be made in magnetic meterials
at the Meter Department, it would be necessary to cvbtain additional scientific,
Ph.D level personnel with a more lophisticlfod knowledge of the recent
theoretical advances in the field of magnetic materials.

The head of the netallurﬁical activity had been sent by Kinnard earlter
to the Research Laboratory for a year prior to his coming to the Meter
Department with what was considered good effect., It was therefore decided to
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proceed to recruit a Ph.D metallurgist and similarly have him apend & year
at the Research Laboratory familiarizing himself with the field of megnetiesm.

In late 1949, T. O. Paine, a Ph.D metallurgist, graduate of Brown and
Stanford, was hired and placed at the central Research Laboratory. There he
vas introduced to a variety of new ideas being generated throughout the
scientific community concerning t_he role of crystal defects in controlling
the properties of solids. This 1ncluded.. of course, an introduction to the
field of magnetism including discussions of magnetic domain boundaries, the
effect of their absence in fine particles and the concept of crystal anisotropy
and in particular the promise of shape anisotropy in the improvement of
permanent magnets.

Paine began almost at once to attempt to produce fine elongated particles
of iron. Initial attempts were made by repeatedly drawing bundles of irom
wire clad in other metals, principally copper and silver. This approach was
not successful in producing shaped particles of fine enough dimensions by
the end of 1950.

When Paine transferred to the Meter Department at the beginning of 1951,
he was encouraged by financial support of the Magnetics Research Subcommittee
headed by Ruder of the Research Laboratory to undertake a progrem to develop
superior permsnent magnets from finme particles. Having sbandoned the approech
of drawing fine wires, Paine turmed with Mendelsohn to the poasibility of
obtaining fine elongated particles by chemical mesns. In eddition, work was
begun on the preparation of fime particles of materials with high magneto-
crystalline anisotropy.

It was recognised from the beginning that there would be considerable
difficulty in finding a process that would provide a fins particle of iron
vich the surface energy nceded to allow it .to assuze an elongated shape.
Nonetheless, the promise of ocutstanding permanent megnet properties was judged
equally large. Thus, according to Paine, it was decided to puriuo a fine
particle magnet development progrem simed at discovering an economically
practical, high saturation~-high crystal snisotropy materisl, while at the
same time trying every method conceivable to prodice elongated single domain
particles of iron.
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In October of 1951, Paine became manager of Materials and Process
Development in the Meter Department Laboratory (called the Measurements
Laboratory) which helped assure support for the fine particle magnet program
locally, and continued technical direction to the work. For a while the work
progressed with enthusissm but without specific encouraging results.

In the spring of 1952, L. 1. Mendelsohn was engaged in acttempts to obtain
elongated particles by electrodeposition of iron into mercury. He reasonsd
that the eventual sbility to grow elongated particles and produce a superior
fine particle magnet was dependent on the understanding and control of the
processes occurring at the mercury electrolyte interface, and those occurring
at or near the growing particle surface. In order tn be able to expand this
line of attack and to provide additional understanding in the chemistry of the
process he asked for a chemist to assist him., During the susmer of 1952, a
chemist was assigned to this effort.

There then ensued, in series, an oversight and then an accident which
pointed the direction for the subsequent work, leading to the invention and
development of the Lodex magnet.

It was natural that Mendelsohn and his chemist associate wanted to set
up their own electroplating experiments and to explore different areas of the
process. When the second electroplating bath was constructed there was not &
spare stirring machine immediately available to stir the electrolyte during
plating. Now it was well knwwn in the plating art that undesirable ion con-
centrations would develop in the electrolyte if the solution was not continual!
stirzed, and this was considered to be a distinct handicap in the work.

Nonetheless, some experiments were begun.

One of the approaches being tried was to use different cathode materials
at a variety of temperatures. One of these was a molten mixture of lead,
biemuth, and mercury. After the plating oxSle-.nt. the noltcn'cathod. vas
hot pressed in order to extract the 1roﬁ particles. Unfortunately, on ome
occasion the pressing was made from the material from the unstirred plating
bath prior to the time the cathode had melted in the press and some of the
solid extruded out past the piston of the pressing fixture. When magnetic
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measurements were made on this extruded material, a small megnetic anisotropy
was discovered indicating an alignment of slightly elongated particles in the

direction of extrusion.

After numerous attempts to duplicate this result which was only lLarely
above experimental error, it was recognized that positive results were achieved
from only one of the plating baths regardless of the plating conditions.
Finally, it was decided by Mendelsohn that there was no difference left between
the bath.,{ekcept the oversight of tha stirrer. When thie was taken from the
unsuccessful bath and placed in the successful one, the difference was dis-
covered. A quiesccent interface between the electt&iyterand the electrode was

thus determined to be an important factor in obtaining elongated particles.

The invention of a magnet composite that would have utility still lay
shead. The properties of the initial particles indicated only slightly
elongated shape. Mesns had to be found to produce larger, more controlled
elongations and to protect the particles from oxidation, to align the particles
to take advantage of the elongation and to insert them in & suitable matrix.

Meanvhile, a continuing effort was being made to improve the :=:cral
scientific competence of the Department Laboratory. During this period,
Dr. F. Luborsky was added to the staff, and after about a yesr at the Research
Laboratory, joined the research group with Mendelsohn under Paine in the
Measuremants Laboratory of the Meter and Instrument Department. HNe very soon
became interested in the fine particle work. There cthen ensued an extended
period of concantrated effort before the process and & satisfactory product
wvere inventad. Additionsl research was required by Luborsky on the fundamentals
of electrodeposition of irom in mercury and by the Corporate huirch Laboratory
staff on the magnetic properties of irragularly shaped fine particles as well
as the development of means of separating and coating fine particles end
compacting magnets befors technical success could be achieved. Finally, in
1955, patents were filed lot.' an olou'ond fine particle magnet by Paine,
Mendelsochn, and Luborlky.(”

Conclusion

The above story is an account of the work only up to that point where
nature provides an experimental clue thut an invention is possible. The
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difficult, expensive stages of the research and development effort were still
shead. An additional five years would be tﬁoeded, in which a number of setbacks
and seemingly insurmountable barriers, tried the faith of those connected with
the efforct.

By this time, however, most of the elements of ultimate success were in
Place. A continuing strong economic need existed. A his“tory existed of
successful efforts to develop a I;uoineu ‘througb techuofékiccl advance in
materials. A specific direction toward a solution had been demonstrated posesibl:
A dedicated, convinced, and competent technical group was in place, strongly
connected to ’t.‘he product needs through the local business organizations and to
wrild advances in science through the Recearch Laborstory. Pains soon became
Manager of the Department Laboratory ar ~ as such provided strong aupport for the
program from a position of authority. Because of the overall business success
of the department, risk capital was available for innovative work. Even so,
the developuent was nearly terminated on a number of occasions when lack of
progress and the priorities of other problems raised serious doubts as to the
mexit of the program. On these occasiona, the steady continuing optimism
and intense interest of those engsaged in the work was critical to the continu-
ation of the devalcpment, Had any of these factors been removed during work,
the development and application of this science ares would most certainly have
been delayed for at least another docade.

(l) ‘0 'o Dllll m c. ". D.Vi' - utS.’o 2.239’1“
(2) R. 0. Paine, L. I. Mendelsohn, P. E. Luborsky - U.8.P. 2,974,104
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APPENDIX
TO
CASE HISTORY
oN
THE EARLY WORK LEADING TO THE INVENTION

or LODEp PERMANENT MAGNETS
The General Electric Company

The General Electric Company, vhile primarily a manufacturer of electrical
goods, produces over 200,000 diffetent pfoducta for home, industry, and defense.
They range from toasters to turbines and from miniature lamps to engines for jet
aircraft and atomic submarines. It has approximately 260,000 employees and the
number of its share owmers is more than 516,000. Its products are made by
nearly 100 operating departments, in plants in about 115 cities throughout the
United States. Its annual sales billed have totalled over $4 billion for each
year since 1956.

Born cn the threshold of an economic revolution and growing up as a vigorous
pioneer in the expansion of our economic frontiers, General Electric has become
the acknuwledged leader in a great industry. This leadership has its roots in a
record of achievement dating back to the earliest days of electrical development.

By 1940, General Electric employed about 76,000 workers and had 34 plants
throughout the country. And with the adveat of World War II, Geeral Electric
took over the job of supplying & large portion of the equipment for the biggest
arms program in the netion's hiltory‘ up to that time.

From General Electric production lines flowed thrusands of electrically-
operated aircraft gun turretc and jet engines, propulsion units for three-
quarters of the Navy ships yf war, radsr and radio aquipment, electrically-
heated flying suits, searchlights, naval gun directors. newitsers, basookas,
fuses, and scores of other weapons. From _he laboratories came new rystems
for the detection of enemy aircraft and rhips, and s :lev smoke generator, far
more effective than previous ones, for screeaing trocp movements.

During the years ismediately following World War 1I, Ceneral Electric
carried out sn extensive program of expansion and decentraliszatfion. In the
earlier days of its history, the Company's efforts were direcied toward



I-14

consolidation, integration, and centralization of a number of previously separate
organizations. But, as its business expsnded, as the number of its geographical
locations grew, as the number of separate products multiplied, and as the sales
volume of each of the products increased, the need for & more decentralized

organization became increasingly apparemnt.

Not only did the growth of the Company make it necessary to deccn\ll:#cliu
operations in the form of relatively small, autonomous product departments, but
in addition, geographical decentralization helped in meeting its marketing
objectives. Thus General Electric tries to avoid undue concentration of manu-
facturing facilities in individual communities and thus is sble to spread
employment into more areas from which it obtains consumer and industrisl busines:

Emphasis on research and development has continued to characterize the
Company. In the decade 1950 through 1959, General Electric spent 1.37 billion
>f Company funds and also performed $1.5 billion worth of research and develop-
ment work for the Govermment. During this period, scientific research was carric
out in the Research Laboratory, The Gciuul Engireering Laboratory, and a large
number of laboratories comnected to the ducentraliszsed operations of the Company.
Such a laboratory was the Measurements Laboratory of the Meter and Instrument
Department,

Gensral Electric business can be broken down into four broad classifications
as follows: '

1. Heavy capital goods, including turbine-gemerators, atomic power reactors
large electric wotors, transfoimers, and switchgear.

2., Components and materials supplied primarily to industrial customers,
including such equipment as small electric motors, alectric control devices, mete
and instruments, plastics, special metals, electrical construction materials, and
~ computers, and other electronic equipment for industrial applications.

3. Consumer goods, including household spplisnces, radio aad television
recaivers, small electric housewares, air conditioning equipment, and lemps.

4. Products for national defense, including defense electronic equipment,
sircraft gas turbines, and development of aerospace systems.
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ARALYSIS
DESCRIPTION OF THE CRITICAL RESEARCH ENGINEERING INTERACTIONS

Paine, hired by GE Meter Department - told of problems .m/lﬁ opportunities
concerning commercial magnets - sent to Corporate Ruurc\‘l;"\l.cbontory to
become familiar with science area and there stimulated by excitement over
advances in elongated fine particle theory. From these interactions, Paine

and Mendelsohn formulated applied rasearch program.

Paine returns to GE Meter Department, Measurements Laboratory where he
joined Mendelsohn. They both were subjected to constant business pressure
to develop better magnets, and had continuing interaction with laboratory
personnel on magnet theory and testing techniques, as well as rapidly
advancing electrom microscope techniques for seeing small parcicles. These
interactions were vssential to the first discovery of fine elongated irom '
particles. '

Need to develop and optimize a fine elongated particle magnet process
caused additional fundamental research in understanding of kinetics of
1ron electrodeposition in mercyry to be done in the Mpagurements Laboratory
and theory of coercive force of irreguler sheped fine particles to be under-
taken in the Research Laboratory.

Results of research initisted im (c) above and engin e¢ring information
concerning types of magnets aseded were crucial to development snd opti-
misation of elonseted fine particle magnet process.

Continuing and close iantersction required from development stage through
Pilot Plant to production engineering between marketing, engineering,
research, and development nruuil. For example, market requirements on
magnet stability stimulated research to understand oxidation protection

of fine particles and the effects of oxidation on msgnetic behavior, etc.
Ihese contipying interectious wers gsegntisl to the success of & commercigl
product.
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DEFINITION OF AEI STAGES
(See Chart I)

Definition

Scientific finding (knowledge)

Recognition of new material (process) possibility
Creation of useful material (process) form _
Peasibility of using the material (process) in hardware
Possibility of using the hardware containing the maverisl
in a system '

Production of the system (product)

Operation of the system (product)
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FACTORS CONSIDERED
__Di_ANALYZING EVENTS OF RETs

From its study of all the cases, the Committee selected & number of the more
prominent factors which seemed to be operating with some frequency in the identi-
fied REIs. The statistical anslysis of the frequency of these factors in this
case is shown below.

FREQUENCY OF FACTORSIN REIs’
(Statistical Analysis)

Eactor ) REI
No. : a b c d o Freq.
1. High educationsal level (advan id degree) of X XX X Xi 1
principal investigator :
2. Importance of management X XX X X |
3. Importance of Government-sponsored research 0 0 0 0 O 0
4. Importance of recognized need X XX X X 1
S. Requirement of flexibility to change directiom X xx x x| 1
during work and local control of funds (easily ,
available resources) i
6. Industrial laboratory involved , ) ¢ X X
7. Basic research in the laboratory (for iast. or X XX X X 1
org.) ) . ;
8. Communications across organisatioms was X 0 X x X 4/5
importeat
9. Technical probdlem was the principal obdstacle X XX X X 1
10. Importance of a "champion" . X XX X X 1
11. Preedom for individuals -7 X XX X X 1
12. Broad spectrum of types of laboratories X 0 X X X! 4&/S
13. Geographic proximity o X6 0 0 1/5
14. Prior experience with imnovation X XX X Xx, 1
S. Organisationsl structure (barriers and bonds) X; X X } X J xl 1
| | i
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THE DISCOVERY OF MATERIALS FOR THE CONSTRUCTION
OF SUPERCOUNDUCTING HIGH MAGNETIC FIELD
SOLENOIDS
A Case History Prepared by
M. Tanenbaum
May 13, 1966

Discoverv of Superconductivity and Early Considerations of Supeiéonductin‘
Sclenoids

The phenomenon of superconductivity wzs discovered by H. Kammerlingh
Onnes at the University of Leiden in 1911, (1) Onnes was performing experi-
ments to test a hypotnesis that the resistance of pure metals would decrease
gradually as they were cooled, approaching zero resistance as the temper-
ature approached absolute zero. He discovered unexpectedly that the resis-
tance of pure mercury dropped discontinuously to an unmeasurably low value
at approximately 4°K. This abrupt decrease in resistivity well above ahso-
lute zero was completely unexpected and was named ''superconductivity. '

The discovery of the‘pouibility ‘of electrical conductors of zero resis-
tance led immediately to speculation about the practical applications of
these materials, Onnes's records show that one of the carliest puseibil-
itien. that occurred to him was the use o‘f these matgriah in the form of
solenoids to produce large magnetic fields.

Magnetic ﬁeido up to about 25, 000 oersteds are readily produced by
taking advantage of the magnetic properties of certain materials, notably
alloys of iron, nickel and cobalt. Ho"wever. metal core magnets are gen-

erally limited to fields of about 25, 000 oersteds. In order to produce more

T —— O v S e - e~ s i : T e
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intense magnetic fields, it is necessary to resort to air core electromagne!
and such magnet« consume very large quantities of power because of the
£+ ‘te resistance o the electrical conductors from which they are fabricate«
Such magnets are not only expensive to operate but zre expensive to build
“because of the :éowu- and cooling equipment which is required. These facts
were appreciated by Onnes. He realized that the possibility of using a con-
ductor with zero resjstance cuuld well outweigh the difficulties of cooling th
solarciu to very low temperatures. The technical values of using more
intense magnetic fields in rotating electrical machinery and the valae of
having laboratory clectromagnets which could produce very intense magneti
fields for scientific investigation were equally appreciated. Thus, Onnes a;
his colleagues soon set about to investigate these possibilities. Almost imr
diately they discovered a new phenomenoa which seemed destined to destroy
these hopes.

It was discovered that superconductivity in the materials with which the
worked disappeared abruptly if the current flowing through the superconduct
was increased beyond certain limits. Soon after, it was discovered that an
external magnetic fizld would alsoc cause the transition from the supercondu:
ing to the normal 3tate. Indeed, in the materials which Onnes and his group
investigated, the transition occurred a} magnetic fields of a few hundred
oersteds. These facts thwarted the early hopes fov using superconductors

to make alectromagnets,

T R S e—————r ALY, T eperea—
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The problem remained dormant for many years while the group at the
University of Leiden, and investigators in a few other laboratories around
the world, continued a broad fundamental investigation of the phenomenon of -
superconductivity in an attempt to understand its origins and define the
phenomenon in detail. One early result of these studies was the postulate of
a relationship between the critical current which w;)uld quench superconduc-
tivity and the critical magnetic field which would also destroy the effect,

This relationship, postulated by Silshee in 1916, (2) sugge;ted that the effect

of a current in destroying superconductivity might be due simply to the
magnetic field which that current produced and thus the phenomenon of a
critical current and a critical wagnetic field might be identical. This
relationship was verified in detail for several pure elemental ;uperconductou.
This hypothesis was very important to the possibility of making superconduct-
ing solenoids, for it suggested that if a material could be found with high
enough critical field then it should be able to carry the current required to
produce a magnetic field of that value in a solenoid.

However, as new superconducting materials were found, the hopes for
producing large magnetic fields with superconducting solenoids grew dimmer.
In each new superconducting naterial the critical magnetic field was of the
order of a few hundred to a fow thousand cérsteds. The discovery of super-
conductivity in the element niobium, with its transition temperature of

9.25%K, one of the highest transition temperatures of any element, was
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accompanied by the discovery that even in this material the critical field
was apparently below three thousand oersteds. Thus it appeared that eve
as new superconductors, with increasingly high transiticn temperatures,
were discovered, the hope was dim for getting into the interesting magnet
field range whiéh begins at about 25, 000 oersteds.

An Opportunity That Did Not Mature

There was a brief flash of encouragement in 1930, when DeHaas and
Voogd(3) reported a critical magnetic field of over 20, 000 oersteds in an
alloy of bismuth and lead. However, this hope was short-lived, as measu:
ments showed that this alloy did not obey Silsbee's hypothesis, and that an
unexpectedly low value of current would destroy superconductivity in this
material, This discovery discouraged the further study of this alloy as a
possible material for superconducting solenoids. In an article by W. H,
Keesom, (4) published in Physica in 1935, it is stated:

"The fact that some alloys have a very high magnetic thres-

hold value of the disturbance of supraconductivity has on several

occasions given rise to the idea that it should be possible to de-

vise a coil of supracsnductive alloy that would be able to carry a

strong current and a‘c; develop an intense magnetic field.

""An attempt to realize that idea by experiment, however, did
not lead to success. As a matter of fact, it appeared that an

alloy, which according to previous investigation, should have a

phe ~aieiac s Sihe
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high magnetic threshold value possesses only a moderate current

threshold value; viz., a current threshold value of the same order

of magnitude as that of a pure metal."

Recently it has been shown(5) that if the bismuth-lead alloys had been
studied more intensively using only techniques and materials which were
readily available in the laboratories of the 1930's, alloys could have been
de veloped which could be used to make superconducting solenoids that
would produce magnetic fields in the range of 20, 000 oersteds. However,
the work was not pursued in the 1930's and for the next three decades the
notion persisted that superconducting solenoids to produce magnetic fields
of mnore than a few thousand oersteds could not be constructed.

During the next thirty years the technical literature is essentially
barren of any consideration of high magnetic field superconducting solenoids,
The next quoted reference(6) appears in 1955 in an abstract of a short talk
given at a meeting of the American Physical Society. This work was by
Y ntema at Cornell, who built an iron core electromagnet with niobium
windings which produced a field of 7,100 cersteds at liquid helium temper-
The magnet was constructed in the course of his research and was

atures,

rec oxmmended as a useful way to produce moderate magnetic fields for low

termperature research, Of course, much of the observed field strength was

obtained from the magnetic induction of the iron core so that this particu-

lar experiment did not.obviously reveal anj new information about the criticai

field properties of niobium,
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Pertinent Events in }-:rallel Areas

In the meantime, scientific and technological developments in con-
tiguous areas were pro.eceding in directi?ns which were soon to affect
investigations of high magnetic field superconductors.

Shortly aftér World War II the A, D. Little Company announced the
commercial availability of the Collins Cryostat. This commercial helium
liquifier soon made low temperatures accessible to a much larger number
of laboratories and stimulated considerably the investigation of phenomena
at very low temperatures.

In other areas the need for producing magnetic fields at low tempera-
tures was increasing. Experiments in nuclear magnetic resonance and
electron spin resonance which began just before World War II and grew in
popularity after the war required magnetic fields of a few thousand oersteds
with samples which were freq\(x’ently cooled to liquid helium temperatures,
In general, the magnetic fields were supplied by conventional magnets
operating at room temperature while the samples were immersed in a
cryostat at the desired temperature.

During the early 1950's great interest and activity were created by
the proposals for gene_)rating power by nuclear fusion. The onl_y attractive
method for containini the ultrahigh temperature gases required both for
experimentation and in any final practical embodiment, appeared to be a
magnetic field with a required intensity in the neighborhood of 50, 000

oersteds. This was well beyond the capabilities of metal core electromagnets
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and was a serious deterent, both to experimentation and to the hopes of a
final practical embodiment. The high efficiency theoretically attainable in
a superconducting solenoid would be very attractive for this application and
there is evidence that these possibilities were discussed by the workers in
this field. However, there is no evidence that there was any serious or
intensive attempt to reopen the investigations.

In the period of 1955 to 1956 a new electronic device was announced,
the microwave maser. The first embodiment of this device used ammonia
gas in an electrostatic field. However, soon thereafter a solid state micro-
wave maser was conceived and built which employed a magnetic field for
tuning. The solid state devices were operated at liquid helium temperatures
to optimize their properties, and this then created another practical applica-
. tion for a device to l;}oduce a magnetic field at low temperatures. Here
again the first devices were operated using conventional magnets at room
temper;ture to surround the active medium of the solid state maser which
was itself located in a cryostat near liquid heliumtemperatures. However,
these structures were quite bulky and also very sensitive to stray magnetic
fields,

Events Leading to the Discovery of High Field Superconductivity

The possibility of using superconducting solenoids in conjunction with
solid state masers seems to have been first appreciated by S. H. Autler(7)
~ at the Lincoln Laboratory. Autler had become interested in solid state

microwave masers shbrtly after their invention had been announced. He
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had participated in some of the early experiments on these devices at
Lincoln Laboratory.

During this period Autler also became int;rested in the rapidly
developing field of radio astronomy realizing that his experience with
microwave mas.ers might be very useful in radio astronomical investi-
gations. He began to search out an opportunity to become involved with an
active group in this field. He soon made contact with a group at the Signal
Corps' Laboratories in New Jersey and after some general discussion with
them it was agreed that Autler would begin development of a microwave
maser to operate at the frequency of the hydroger line (1420 mcps) which
would be used in conjunction with antet‘mae and other equipment at the Signal
Corps' Laboratories in their radio astronomy program.

In his early considerations of an appropriate maser structure, Autler
decided to try to develop a maser that would require only a very low field
of a few hundred oersteds ir order to get around the difficulty of the large
bulky /nagnet structure that was conventionally used. He first thought of
using a simple copper solenoid which he would operate at room temperature
in order to give hira the required field of a few hundred oersteds. However,
he alsc thought of the possibility of using a superconducting solenoid since
the fields that he expected to require were quite low, Indeed, he actually
constructed a small solenoid using lead wire which h‘e operated at a few

hundred oer lteds.
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He soon discovered, however, that he was unable to obtain the maser
characteristics which he desired at these low magnetic fields and that,
indeed, he would require a magnetic field of the order of a few thousand
oersteds in order to obtain a useful device.

It was clear that it would be impractical to use a simple copper solenoid
to produce a field of this magnitude, and he also expected because of the
published properties of the critical field of superconductors, that he would
be unable to use a simple superconducting coil. However, it did occur to
him that he might use a superconducting coil in order to drive an iron core
electromagnet. This approach was very similar to Yntema's work but
Autler was unaware of that work and arrived at his proposal independently.
At that time he expected that he could easily get to a field of the order of
15, 000 oersteds which is within the range of the magnetic saturation of iron.
Early in 1959 he tested an iron core 'electromagnet using lead wire as the
exciting winding and achieved a field of about 1, 000 cersteds.

Autler states that at this time the Signal Corps' interest in a cooperative
program on radio astronomy had decreaced greatly. However, he decided
to continue in order tu prov. the feasibility of a maser operating in the
field of a superconducting magnet. He had little prior experience with
superconductors and began to acquaint himself with what was then known
about superconductors.

It was during this period that he began to consider the possibility that

niobium would be a considerai.le improvement over lead because of the




reported higher critical field of niobium. In June of 1959 Autler made

his first small solenoid with annealed niobium wire and obtained a field of
2,200 oersteds. He was excited and surprised by this result because this
field was significantly greater than he had expected from the published
properties of pﬁre niobium. These results were reported in the July 15,1959
Lincoln Lavoratory Qu: rterly Progress Report on Solid State Research
(issued September 15, 1959 and distributed shortly thereafter). This report
receives a rather broad distribution to government laboratories and to indus-
trial laboratories which are engaged in government supported research and
development.

During the next month he built several iron core magnets using niobium
wire as the exciting coil and reached fields as high as 7,100 cersteds. It
was also during this period that he realized from literature references that
the critical field of hard worked, unannealed niobium wire was consideralbly
greater than that of the anrcaled wire with which he had been working. He
immediately set about to build a coil from unannealed wire and by the midile
of July had built a small air core solenoid which producec a field of 5,100
cersteds. By the end of August, he combined a larger auperéonducting
solenoid using unannealed niobium wire with a maser structure and produced
the operating device which had been the goal of his original program. Thd ;v
resulis were reported in the October 15, 1959, Lincoln Laboratory Quarterly
Progress Report on Solid State Research (issued in Januaryi, 1960 and dis-

tributed shortly thereafter). -
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In addition tc this publication, Autler presented a short paper at the.’
1959 Thanks‘giying meeting of the American Physical Society (Nov, 27-28,
1959). He aleo described his work at one of the press conferences which
the American Physical Society normally arranges for this purpose at their
meetings and a description of his results was published shortly thereafter
by several newspapers {Cleveland Plain Dealer, New York Times, Boston
Herald). In spite of this publicity, this work seems to have stirred very
little immediate action outside of Lincoln Laboratory. ¥

Dr. R. Kompfner, of the Bell Telephone Laboratories, learned of
Autler's experiments during a visit to the Lincoln Laboratory in December
of 1959. This visit was a part of an informal series of reciprocal visits
between the Lincoln Laboratory and the Bell Telephone Labora: .ries at each
other's cstablishments over the period of a few years. Kompfner and his
colleagues at Bell Laboratories had had a continuing interest in microwave
masers. They were involved in some of the first work at Bell Laboratories
in this field and had also been involved in the first use of the microwave
maser in the Bell Laboratories experiments with the Echo satellite. During

the visit, Kompfner saw a demonstration of the work which Autler had been

*There are other indications that there was general, if perhaps passive,
knowledge of Autler's work during 1960. He received several requests
for reprints of his Physical Society talk. His early results were pub-
lished in more complete form in the April 1960 issue of Reviews of
Scientific Instruments. He receivsd over 200 requests for reprints .of
this article and also several direct letters asking for specific advice on
how to build niobium superconducting magnets. In one case, he actually
supplied a magnet to a university group for their experimental studies.
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‘ doing with superconducting magnets as an integral part of the aclid state

microwave maser structure. Kompfner was quite impressed by this demon-
stration not only because of the large reduction in size which the supercon-
ducting magnet permitted, but especially by the stability of the field and by
the ability of tiae superconducting solenoid operatiny on a persistent current
to shield the maser from stray magnetic fields.

After returning from this visit, Kompfner described the work which he
had seen at one of the regular meetings of the Research Area staff. At
luhc'h following that meeting he suggested that an attempt should be made to
extend this work. Kompfner had been very close to Matthias' work on super-
conductors at Bell Laboratories. Indeed, he and Matthias had in the past
discussed the possibility of superconducting magnets. Kompfner had attempted
some experiments at Matthias' suggestion using Nb3Sn for this purpose. This
compound had been discovered by Matthias(a) and had the highest transitiox)
temperature of any known material. However, these early experiments had
been discouragced because of the great difficulty in fabricating this inherently
brittle material into a suitable form. It seemed apparent that many of the
problems involved in pursuing this work wouid be metallurgical problems
and Kompfner suggested at this luncheon that the support of the Metallurgical
Research Laboratories would be very important. E. E. Schumacher, Direc-

tor of the Metaliurgical Research Laboratories, who was also at the table,

agreed that this should be considered.




As a result of this discussion, a meeting was held which included
Kompfner, Schumacher, Matthias, S. Millman, T. H. Geballe, J. H. Scaff,
J. H. Wernick and M. Tanenbaum. During this meeting Kompfner described
the work he had seen and Matthias suggested several materials which he felt
might be considerably superior to niobium. Attention was focused on ductile
metal alioys, in particular the molybdenum-rhenium system where super-
conductivity had been discovered by J. K. Hulm. (9 However, other mate-
rials were mentioned including alloys of niobium as well as the brittle beta-
tungsten superconductors such as Nb3Sn. The possibility of producing a
niobium wire with a surface layer of Nb3Sn was also discussed. At the end
of this meeting it was agreed that the Metallurgical Research Laboratories
would begin a program to prepare and study the properties of niobium and of
some of the ductile superconducting alloys suggested by Matthias, in partic-
ular the molybdenum-rhenium alloys.

Following the meeting J. E. Kunzler, a merﬁber of the technical
staff of the Metallurgical Research Laboratories, was told about the work
that Kompfner hid seen at Lincoln Laboriotory and of Matthias' suggestions
concerning the ductile alloys in the molybdenum-rhenium system. Kunzler
had been iriterested in ~1.:he transport properties of metals and had established
a comprehensive experimental facility for detailed measurement of the
electrical properties of metals at liquid helium temperatures. He was
intrigued by Autler's experiments, both because of their possible techno-

logical significance and because he himself was interested in prcoducing high
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magnetic fields for his own experimental work. About one year earlier,
the Bell Laboratories had instalied an 68, 000 oersted magnetic field faciil
using a conventional air-core soleroid. Kunzler had been making measu:
ments in this facility, but it was zmch in demand and experiments had to
schedaled well ahead of time. Although at t.is time there was no real he
of using superconductors to produce fields equivilent to those available is
this magnet, nevertheless, Kunzler was intrigued by the possibility of ew
muych Jower fields for his own experimental purposes.

Thus, Kunzler dezided to participate in the study of superconducting
materiais and began studving the preperties of molybdenum-rhenium alloy
It was arranged that E. Buehler and C. V. Wahl, who were also members
of the technicul staff of the Metallurgic»i Regearch Laboratories, would p:
pare the alloys, and Kwaizler would make the measurements and provide ge
eral guidance. The very {irst experimeants on these alloys indicated that
their properties were much superior to elemental niobium, and this greatl:
increaged the interest in Iwcfk’mg ferther. As a result of further discussion
between Kanzler and Meatthias, Matthias ;_f-:};ggested several other ductile
superconducting alloys, A numier of these wsre prepared and evaluated by
Kunzler and his colleagues, Sowme of the materials were not very promisin,
but ameag the suggestions were alloys of niobium with zirconium which
proved to have properties far superior to the original molybdenam-rhenium
alloys. Indeed, the niobium-zirconium svstem has hecome one of the most

popular materials for use in solznoids for operation at magnetic fields in the

range between 50, 000 and 80, 000 cersteds.
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Meanwhile, Kunzler proceeded io extend the conductivity measurements
to the highest possible fields in. order to obtain a complete evaluation of this
unusual superconductor. Using the 88, 000 oersted air-solenoid facility, he
and his colleagues found that the ingots of Nb3Sn remained sﬁperconducting
at fields of 88,‘ 000 oersteds and that, furthermore, the critical current of
these cast ingots at the highest fields was 3, 000 amperes/cmz. This value
of critical current at these very high fields was completely unexpected.
Furthermore, extrapolation of the results indicated that the limiting critical
field of Nb3Sn was well above 100, 000 oersteds.

Shortly after the very first measurements on Nb3Sn indicated a critical
field of greater than 20, 000 oersteds, Kunzler and his colleague, E. Buehle:
began a scrious congideration of how one might circuinvent the brittleness
of this material in order to make a solenoid from it. B} the time the high
field measurements were made they were well on their way to developing a
satisfactory technique. The process which they developed takes advantage
of the fact that the components of the compound, niobium metal and tin metal
are quite ductile, and that a mixture of fine powders of these mestals containe
in a niobium iube can be worked by conventional metallurgical processes into
a fine duclile wire, After this ddctil’e wire is wound onto a sponl, it .3 heat
treated at about 1000°C, allowing the metal powders to react and form the
intermetallic compound which although britile is now in the desired solenoid::
form. They socn discovered that the compound prepared this way had a

critical current density fifty tinies greater than that of the cast ingot, At
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4, 29K the critical current of some of the earlier samoles of this wire was
150, 000 amperes per square centimeter at an applied external magneti;:
field of 88, 000 oersteds.

The properties of Nb3Sn were announced on February 1, 1961. (1) The
properties of the ductile niobium-zirconium alloys were announced at the
Washington meeting of the American Physical Society (April 25-28, 1961). (12)

First Commercial Applications

The unexpected and exceptional properties of Nb3Sn and the niobium-
zirconium alloys immediately stiinulated a broad program of investigation
in a large number of laboratories of the fundamental properties of these
materials and of their possible technological applications. Other forms of
Nb3Sn have become available including vapor deposited tapes(13) that do not

,f/

have to be heat treated after the solenoid is wound, At the present time there
are several suppliers of the various forms of the various materials and of
magnets made from them. The first commercial applications bave been in
simple lolenéidl to produce magnetic fields for laboratory investigations and
in instruments such as spin resonance ‘spectrometers and microwave masers.

The first application of large volume, uniform field superconducting

magnets in opcrating systems was to provide the magnetic field for micro-

\
il

wave masers that were used in military radars and in the American Telephone
& Telegraph ground station at Andover, Maine, in conjunction with the Tel-
star satellite communication system. These magriets were designed at Bell

Telephone l.aboratories and were conceived by P, P. Cioffi. (14) cioffi had
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been a leader of magnet design efforts at the Bell Laboratiories for many
;years. At the time of Kunzler's early measurements, Cioffi was deeply
‘involved in the design of permanent magnets for microwave masers that
were being developed to work with military radars. In one particular
application, in order to develop a field of 4, 000 gauss across a 3 inch
air gap, with a uniformity of plus or minus one gauss over the 6 inch leng
of the traveling wave ruby maser, the final magnet weighed 750 pounds.
This fact was particularly disturbing to Cioffi vince he realized that the
efficiency of the magnet was extremely low because of flux leakage and
fringing fields. Indeed, he calculated that the magnetic efficiency of the
best structure which he could design was only about 3%. He realized that
one reason for this inefficiency was that the magnet structure was separa'
from the ruby maser crystal by the walls of a dewar which was required t
contain the liquid helium to cool the maser crystal. However, he calcu-
lated that even if he could put the permanent magnet structure inside the
liquid helium dewar, the magnet would etill weigh approximately 100 poun:
and would recjuire excessive quantities of liquid helium in order to cool it,
The thought of putting the magne\? inside the dewar stimulated Cioffi to
think about an .dea which he had had several years earlier. He had been
aware that superconductors were perfect diamagnetic materi,all with zero
permeability. They could, therefore, be used as inagnetic insulators to
ehield magnetic structures against leakage and fringing flux and thereby

raise the efficiency of the magnetic circuit to nearly 100%. The idea was
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discarded at that time because the critical field of suber'conductors was too
low and because their application to ordinary magnetic circuits was not
practical. However, the necessity of operating the ruby maser in liquid
helium and the prospect of a large reduction in magnet weight through the
use of high critical field superconductors as magnetic shields made the
operation of the magnetic circuit with the maser in liquid helium feasible
and practical.

Cioffi had designed the 88, 000 gauss conventional electromagnet that
was in use at Bell Laboratories for solid state physics investigations and
which was the facility that Kunzler used for his measurements on Nb3Sn.
Cioffi was frequently called in consultation on problems in magnetics and
was especially conversant with the various users of the electromagnet,
Among these was T. H. Geballe, who was a colleague and collaborator of
B. T. Matthias. Indeed, Cioffi's laboratory was next door to T. H. Geballe,
Through this very close auociatiox'a.‘ Cioffi was familiar with Kunzler's
early measurements essentially as they happened. He, thus, made a very
quick connection between his maser magnet problems, his much earlier
idea on the use of superconductors as diamagnetic shields and Kuntzler's
new results. He suggested the use of superconductors to solve the maser
magnet problem and was strongly encouraged by E. D. Reed, who was
responsible for the maser development, to pursue these ideas.

After discussion with Kungler, it was decided that lead bismuth alloys,

because of their great ductility and moderately high critical field, would
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provide a good starting imaterial for this application. Cioffi first built a
small model which he tested at liquid helium temperature with and without

a lead bismuth shielc. His results agreed almost exactly with his predic-
tions., With this encouragement, he then proceeded to build a maser magnet.
Since leakage'and fringing flux did not have to be provided for in the design,
a weight reduction of nearly two orders of magnitude was possible from the
original 750 pound magnet. After confirming by magnetic measurements
that the required level of field intensity and degree of uniformity had been

achieved, the magnet was turned over to W. G. Nilsen(13) who used it with

an operating laboratory traveling wave ruby maser and demonstrated con-
clusively the feasibility of Cioffi's proposal and that his original expecta-
tions were completely achieved.

At about the same time, a second Bell Laboratories' development
group at the Allentown laboratdf‘y began the design of a fully engineered,
persistent current superconducting magnet using diamagnetic shielding for
use in the Bell System's Earth Station at Andover, Maine, as an integral
part of the Toll@g;— communications satellite system. This structure was
incorporgta"d’ix;a closed cycle liquid helium refrigerator and was demon-
strated early'in 1‘562‘. (16) 1 was placed in operation at Andover early in
1964. During this period there was a continuing evolution ancit improvement
‘n the magnet design. One important aspect of this was the substitution of
niobium-zirconium alloys for the original lead bismuth alloys with signif-

icant improvement in the operation and stability of the resulting structure.

P S I L GRS ...~ e~y -
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In addition, a new design approach was originated which does not require a
superconducting shield. Present magnet designs weigh only a few pounds
resulting in an overall weight saving of approximately one hundredfold and
a comparable saving in volume. (17)

Succeeding Development in Theory and Application

The fundamental \investigati‘on or the properties of superconductors in
high magnetic fields has also beﬁen greatly stimulated by the experimental
discovery of high critical field materials. Here again, it is interesting
that the fundamental theoretical’background of the phenomenon had been
established for several years before Kunzler's measaurements, It was im-
plicit in the Ginzburg-Landau(m) theory published in 1950 that superconduc-
tors could be divided into two kinds. These considerations were explicitly
amplified by Abrikosov (1952, 1957)(19) and Gorkov (1959)(20) who showed
that for one kind of superconductor (called Type II) there would be two
critical fields. Thé lower ;:ritical. field is the thermodynamic field of a
few hundred to a few ghmlanﬁ oersteds which had classically been thought
to limit the fields that could be produced by superconducting solenoids.
However, the theory proposed that superconductivity may continue to exist
in a sample above this first critical field until a second critical field is
reached. It is significant that these theoretical considerations did not sug-
gest how large this second field could be and apparently no one suspected
that thede effects would be acA significant as they are now known to be.

Indeed, it was after the report of Kunzler's measurements that Goodman




(1961)(2” and others pointed out that prior theory could account for the
observations. |

During the years from 1961 to the present, as magnets of increasing
strength were built using superconductors, new phenomena were dis-
covered which have influenced the commercial development of high field
superconducting magnets. Two of the most significant of these are the
‘*training'' effect and the phenomenon of flux "cfeep" and flux instability.

The training effect was observed as soon as the first magnets of
niobium-zirconium were produced and measured. The effect was reported

in the literature by M. A. R. LeBlanc, (22)

at Stanford University.

The standard procedure for evaluating a batch of niobium-zirconium
wire hefaora nroducing to tahe a shori piece of the wire and
measure the critical current as a function of magnetic field, From these
measuremenfs it is possible to predict how large a magnetic field can be
produced by a solenoid made from this particular batch of wire, It was
generally observed, however, that when the solenoid was wound and tested
tae maximum fielc that it would produce before the iransition to the non-
supefconducting state was significantly smaller than the field that was
predicted by the measurement on short lengths of wire. Furthermore, it
was also observed that the solenoid could be “trained” to produce higher
imagnetic fields which more closely approximated the short wire prediction,

For example, suppose that the sclenoid was cooled to liquid helium temper-

ature, the current increased until the solenoid suddenly became non-

e e ee— s e - —_— v
! ofiage Ty N ki e




J-25

superconducting and the current was then turned off. If the solenoid

was permitted to cool back down to the bath temperature and the current

was then slowly increased again, a higher current value and higher mag-

netic field would be obtained. Furthermore, this process could often be

repeated many times and each fime a slligh'tly higher magnetic field was

obtained before the normal (non-superconducting) state was produced:
This training effect has not yet been quantitatively explained. One

widely accepted explanation of the training effect was proposed by

D. B. Montgomery at the National Magnet Laboratory and is based upon

the generation »of trapped eddy currents in the solenoid structure. (23)
As the current in the solenoid is increased, it is postulated t};at eddy
currents are produced which tend to oppdf;};/the field generated by the
primary current. The pattern of these edd\;ﬁcurrenta is quite complex
and must depend in detail upon the geometrical cor;figuration of super-
conducting and:\’non-supevfrconducting regions in the mixed state of the
Type 1I superconductors. By driving the solenoid :’mrmal‘ several
times, the configuration of the eddy currents can be rearranged so
that their undesirable contribution to the overall 'miknetic field is
decreased. Similarly, it has been oburve‘-)d that if the windings of

the superconducting material are separated somewhat within the sole-

noid structure, either by air or by a non-superconducting material




such as copper¥#, then the field values obtained in the solenoid more
closely c;)rre3pond to the values predicted by measurements on short
pieces of wire. In the more loosely wound configuration, the eddy cur-
rents generated in one part of the structure will have a w.ealéer effect
upon the adjacent windings in the solenoid. The ''training' effect is quite
troublesome in designing and building high field scolenoids, since its
elimination requires that the packing factor of the superconducting mate-
riél be reduced. Therciore, the overall structure must be larger than
would otherwise be necessary. However, by pruper design the apparent
degradation in the properties of the superconducting material can i)e
largely overcome.

Flux '""creep" appears to be a more basic phenomenon in determining
the properties of high field superconductors. The phenomencn of flux
creep was observed by Y.' B. Kim, C. F. Hempstead am; A, R, Strnad(24)
at Bell Laboratories. The theory of flux éreep was proposed by P, W..
Anderson(25) of Bell Laboratories. Hempstead is a physicist and a mem.
ber of Kompfner's research group. Shortly after Kunzler and Matthias'

early results on molybdenum-rhenium E‘iit%y'l, and at Kompfner's

*]t is interestinig that magnets were being made routinely with such
non-superconducting insulation. In the o6riginal construction of the
N03Sn "wire'' the outer tube of niobium served as such an insulation.’
Also, much of the early niobium-zirconium wire was sheathed with
copper or sirnilar metal to aid in wire drawing., This layer was often
left in place, principally to absorb the energy dissipated if the struc-
ture was driven to the normal state.




suggestion, Hempstead and Strnad began experimenting with magnet
structures to determine how adaptable they might be f§r experimenta-
tion and application of high magnetic fields. They were soon joined in
their study by Kim who was on a year's leave of absence f’ro.rp the Univer-
sity of Washington, He arrived just at the time that the first results on
high field superconductors were being obtained and was attracted to this
new and exciting field.

While making some of their early measurements on superconducting
solenoids and on tubes of superconducting alloys such as niobium-
zirconium, they observed minute instabilities in these structures. In
particular, they observed that the magnetic flux in the center of the super-
conducting solenoid or superconducting tube migh* change discontinuously
in very smgll steps as an external magnetic field was applied. These
observations came to tl:ne attention of P. W, Anderson, who had long been
interested in superconductivity an& had been an important contributor to
thé 'the.ox,'eti'c;i‘under.atanding of tke field. ﬁ/f}(uderlon proposed that these
instabilities mnight result from the nature of the flux distribution in a
Type II superconductor.

The Gingburg-Landau-Abrikosev-Gorkov (G. L. A. G.) theory of

Type II superconductors poutulate‘ that in the high field region,a Type II

superconductor is composed ‘of a mixed state where the magnetic field
is described by a lattice-like structure of quantized flux lines. Anderson

pointed out that a current flowing through the superconducior will produce
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a Lorenz force on the flux lines. As the flux lines tove, they dissipate
energy and thus produce an effeciiveé resistunce in the supercgnductor
which is undesirable. Thus, in an ideal Type Il superconducior, where
the flux lines are nompletely frec to move, one would expegt that the
superconductér could not sustain a very lavge current without an appre-
ciable energy dissipation and heating of the material, Fortunutely, des
fects in the superconductor structure apparently act as pinning points
which retard the motion of the flux lines, It has been postulated that this
is the principal effect of the metallurgical structure in improving the
critical current carrying capacity of Type 1l supciconuuctors, Andetson
proposed that the small flux jumps that ¥%im, Hempstead and Strnad
observed might be produced by the thermally activated motion of bundles
of quantized fiux lines past pinning points as a result of the Lorenz force
on these lin¢s caused by the current flowing through the superconductor.
This thaory has been further substantiated by detailed measurement
and pravides an important mechanism for dissipation in superconducting
magnets. Indeed, the theory suggestis.that there will always be some
dissipation ir a Type II superconduztirg magnet at fields in excess of the
thermodynamic critical field. However, if :here is a sufficient concen-
tration of pinning points, this dissipation can be negligibly low until the
magnetic field closely approaches the u‘iﬁper critical field defined by the

G.L.A, G, theory.
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The motion of bundles of flux lines also provides new insight into
the instabilities that are ofte;x observed in high field superconducting coils.
If a large bundle of flux lines is suddernly freed from a pinning point, the
motion of this bundle can create a local hot spot in the solenoid. This, in
turn, can produce the motion cf surrounding flux bundles leading to a cat-
astrophic process which “an cause the rapid transition of the supzrconduct-
ing solenoid to the nermal sfate dissipating large quantities of stored energy
i1l & very short time. = the d#sign ot practical solencids this condition is
aljeviated by imbedding 1he “upercomducting material in a normal metal such
as ¢ .pper. The excellent electrical s snductivity and heat diffusivity of the
copper tends to smootk out the het ipots that moving bundles of flux lines
might «therwise produce and thereby cas help prevent a catastrophic transi-
tion, Thus, the sate tachmique that helpe reduce training effects can also
stabilize the solenoid againgt catastroghic failure.
Conclusion |

Thus the bigtery of the discowsry and use of high field superconduc-
tivity is a Wistory of & possibility that le.y sormant fex some 50 years.
Today's superconducting solenocids are the realizazion of a possibility
that was clearly recognized by Kamraerlingh Onnes in 11, In th~ 1930's
with the discovery of the unususl pl‘op'ntic; of bismuil.-iead alloys, the
possibility of superconjucting soleaoids olmén ripened swto reality, but
somehow the opportunity was missed. It seamss likels that if this system

had been thoroughly invest.gatcd and 20, 000 osrsted solenoids had been
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constructed, this might well have stimulated a more intensive and con-
tinuing investigation of each new superconducting material as it was dis-
covered, and today's high field superconducting solenoids might have been
available many years sooner,

It is also interesting to observe that the eventual discovery was closely
associated with a well-detined practical application of the phenomenon,
namely, the need to produce magnetic fields for use with low temperature,
solid state micfowave masers. The final discovery took place at Bell
Telephone Laboratories in an environment where this need was clearly
appreciated and where, also, the original work on some of the key mate-
rials had been performed. Here ag#in, however, the realization of the
well-defined need in this environment appears to have been a critical part

of the stiznulation of the fina) discovery.
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APPENDIX A
THE LINCOLN LABORATORY

The following statements have been selected from published sources
which describe the Laboratory's organization and mission.

"The Lincoln Laboratory was established by the Massachusetts
Institute of Technology in 1951 at the request of the United States Army,
Navy and Air Force. A Federally financed research center operated
by a university, its primary area of interest is advanced electronics
with special emphasis on applications to National Defense and space

exploration,

"Consistent with its original purpose, Lincoln Laboratory con-
tinues its efforts toward advancing National Defense capabilities com-
bining research and téchnological development.

"Lincoln Labontqr‘y research extends from fundamental investi-
gations in science to technological development of devices and com-
ponents to the design and deveiopment of complex systems.

"There is a growing awareness that much significant work at the
boundaries of current knowledge requires the resources and equip-
ment, manpower or organintiqn that only a large reneax;ch center can
provide, Conversely, technological applications directed toward the
solutions of problems of national security require a foundation of

research concentrated in selected technical aréas.



"A ordingly, the work of the Lincoln Laboratory consists of
programs undertaken in response to requests of Government Agencies
whose needs coincide with the Laboratory's areas of competence as

well as a program of general research.

"General research comprises basic studies in fields of advanced
electronics underlying the Laboratory's overall research and develop-
ment., The areas included are solid state physics, chemistry, and
metallurgy: information processing: communications; control systems:
radar; radio phyvsics and astronomy; and space surveillance, The con
tinuing program of general research provides not only a background of
experience and ideas for regearch and development in specific pro-

gram areas but also a source of scientific and technological advances,

The association of Lincoln Laboratory with M.1. T, has always been a

very important factor in the Laboratory's operation within the eyes of its

leaders. This is expressed by Carl F. J. Overhage, who was director of

the Lincoln Laboratory during the period of the work described in this cas:

history,

". . . . .the crucial factors in the future of Lincoln Laboratory
are the quality and the versatility of the technical staff. . . . if
Lincoln Laboratory, as it grows older, succeeds in keeping a staff

capable of the performance demonstrated in its first ten years we can
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be confident of the future of the organization. And a key to con-
tinu :d vitality and excellence in the staff is the closeness of the
Laboratory's interaction with M. I, T. With that interaction there
will always be new ideas and young mer. tc match tomorrow's
challenge;, and Lincoln Laboratory will go forward with M,1. T,

as a useful and respected member of that great community.''(2)

During the period around 19'60 when the work described in this case
history was performed, the Lincoln Laboratory had approximately 500
professional staff members with about t;;vice that number of supporting
personnel. Again in the words i':ed in descriptive literature from
Lincoln Laboratory:

", . . . The training and background of the professional staff
includes many dilciplines; Despite Lincoln's role in the develop-
ment of military systems and equipment, much of the work at the
Laboratory is not covered by any security classification. Staff

members publish most of t‘heirvwork in established journals and

participate freely in meetings of professional societies.' (1)

The Lincoln Laboratory is especially well-known for its work in
solid state physics and solid state devices. From a fundamental view-
point the Laboratory has been especially distinguished by its work on
the spectroscopy of solids, including both magnetic materials and semi-

conductors. The magneto-optic properties of semiconductors has been an
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area of special contribution. In solid state devices the Laboratory is
distinguished for the invention of the cryotron, for its early pioneering
work on magnetic thin film memories, and for its independent discovery
of lager effects in semiconductor diodes.

The work.of Autler on superconducting magnets was also performed
in the solid state division. The organization of that division at the time
of this work as well as the position of that division in the overall struc-

ture of the Lincoln Laboratory is shown on the atltached chart.

{}) "Lincoln Laboratory, Massachusetts Institute of Technology, ' pro-
duced for the M.I. T. Office of Publications by T. O. Metcalf Company
April 1963,

(2) “Lincoln Laboratory and the Greater M.I. T. Community, *

Carl F. J. Overhage, Technology Review, January 1962.
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APPENDIX B
THE BELL TELEPHONE LABG{ATORIES

The Bell Telephone Laboratories is responsible for the design and
specification of the telephone and communications equipment and systems
uged by the Bell System to provide communications services. At the time
the Work described in this paper was performed, the Bell Laboratories
consisted of approximately 12, 000 employees, including about 4, 000 pro-
fessional members of the technical staff. The work described in this case
history was performed er;t,irely within the research area. This comprised
approximately 500 professional scientists and engineers angaged ia funda-
mental and applied research in the physical sciences, communications
sciences and mathematics. The attached chart shows the gene'ral organ-
izational structure in which the principals. involved in this case history
were located,

Several as; ects of the history, organization, responsibilities and
philusophies of the Bell Telephone Laborato: es are rdiscuseed iﬁ\zak state.
ment deiivered to the Sub-committee on Science, Research and Develop-
ment ;-ommittee on Science and Astrorautics, House of Representatives}
on Deceraber 11, 1963, by Dr. James B. Fisk, President of the Bell
Laboratories. ;]?he following are excerpts from that stateme;zt beginning
with comments concerning the Bell Laboratories responsibilities in the

Bell System.

[N
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""As the research a2nd development organization of the Bell System,
our work begins at the forefront of science and extends across the
entire scope of creative technology through research, development,

' ;ielign and engineering. Its end producte are the specifications and
designs for manufacture of the technical facilities it has created and
the engineering practices to be followedg:in their operation and main-
tenance.

"Western Electric Company is the manufacturing branch of the
Bell System and suppliel the major portion of the System's t/gthnical
facilities. The Bell System is thus unique among oxjganizati";nl pro-
viding service in that it assumes «reupons‘ibili‘tﬁ thzough Bell Labor-
atories and ngttern Electvr'ic both for its own technology and for the
manufacture ;i' its technical equipment. "

In describing the underlying principles of the Bell Laboratories' work
and o;'laniution, Dr. f‘ilk quotes a statement made in 1925 by Mr. H.
Tiuy@r. of the A.T. &k T. Company, and selects a few aspects of that
statement for special emphasis, At one point Dr. Fisksays:

"Another idea which appears very strongly in the quotation is
that of close cooperation among scientists, designers, shop people,
manufacturing engineers and the like in pursuing the final ol?j_ecti.va

This concept of the complete technological process as one involving

close integration of a number of phases, from scientific research to
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final design for production, has been applied in amplified and

developed form at Bell Laboratories ever since."

‘Continuing the discussion of principles, Dr. 'Fisk describes some of
the ""enduring themes'" of the Lat;oratories' work. In introducing this
discussion he says:

LR Aside from broad principles of operation, nothing perhaps
controls the destiny of a research laborafory quite so much as the

¢ efinition of the subject area in which it will work. One cannot choose

an area that is too extensive; even the best laboratories cannot excel

across the board. One cannot choose too narrow a one either, since
thisj‘ does not give the professional staft reasscnable elbow room in
which to work. With the increasing scale and the increasing compet-
itiveness of science and technology, the choice of the right field, and
of the right aspect of that field, il becoming increasingly mcre diffi-
icult, It calls for the most perceptive scientific judgment I can think
of, and even the best scientists may frequently go wrong.

'"In general, the most satisfactory subject matter is that which

is vitally related to the objectives of the enterprise and has technical

rualities of enduring interest and enduring potential for growth......"

Dr., Fisk describes the organizational arrangement in terms of research
ar.d developmenrt as follows:

"As we use the terms, research and associated fundamental

development are our-unprogrammed and unscheduled areas of work.

T o e P VS TS - T - T
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They provide the reservoir of new knowledge and new understanding
which is guential for new communications systems and facilities.
The work includes all sectors of science that appear likely to contri-

"bute to the advancement of the art of communications and is carried
out in enough volume to ensure a mirimum reasonable time lag in
our realization of the potential significance of a scientific advance,
In contrast, specific development and design (which constitutes the
bulk of our development activities} is always carefully programmed
and there may be qeveral well-ordered steps in its performance. It
is the activity which leads directly to new systems and facilities."

Dr. Fisk describes research at the Bell Laboratories in some

detail:

"It is convenient to begin the discussion of research by considér-
ing the meanings of the terms ‘unprogrammed' and 'unscheduled'
with reference to this area. As compared with procedures neces-
sary in the development area, research is indeed unprcgrammed and

- unscheduled. This, however, doee not relieve the management of a
research laboratory of the responsibility of making the hard basic
decisions concerning sabject matter, scale and 'enduring themes' to
which I referred earlier. Actually, in BTL, the vice president for
research and I give continuous thought to the total amount of rusearch
appropriate to meeting Bell Laboratories' responsibilitics. We are

also concerned with.the division of this total amongst the varisus
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research disciplines so that a proper balance is maintained in the
pursuit of new knowledge in these different areas. In collaboration
with the directors of the individual research groups, we try to out-
guess the future, to determine which unexplored areas of science
may yield discoveries of value to our industry.

""A research department has two important frontiers. One
borders on the outside world of science, primarily in the universi-
ties but also including other industrial labdratories. government
laboratories, etc. In areas of importance to us, wel attempt to
participate fully and actively in this general world. Therc are
two reasons for this, One is a matter of simple give-and-take; we
try to contribute to areas from which we expect a great deal. The
other is that it is very difficult to understand a field fully unless
you are doing rasearch in it yourself. Thus, it is important for us
to participate in major fields which may have particular significance
for our long term missions.

"Inspired and productive research in industry requires men of
the same high quality as is roquirod for doing pure r‘e“-earch in our
universities. We attempt to give our research men freedc;ml that
are equivalent to those of the rel.oarch man in a unive;-nity. and they
participate in the research world on a natural and informal basis.

It is important for us that the total level of research, which must

T e



J-44

in the long run be conditioned largely by activities in universities,
be kept high, so that tilere will be a large and fruitful reservoir of
‘new understanding to draw upon.

“"The other important frontier of a research department is
internal. It is, in other words, primarily an interface with develop-
ment areas. One of our thoughtful research administrators of recent
years, Dr. Ralph Bown, in reflecting upon the issues underlying this
relationship, saw that it was important to specify two freedoms for
a productive research organization. One is the freedom to resist
pressures from other departments to work on their specific problems.
The other is the freedom occasionally to carry ideas experimentally
into the applicational sfage to a point where merit can be demonstrated,
when the rescarcher conside;'n that this merit has not been recognized
oz has been overlha‘dowed by development schedule pressures. The
wise researcher will know that ﬁele freedoms have to be merited
and that they impose obligations. The first freedom cannot ignore
the occasional emergency where all available skill must be enlisted
to solve a serious fundamental problem. The second cannot extend
to stubborn clinging to a favorite scheme when wisdom would call
for new approaches or a new activity, '

After a discussion of the development organization and systems engi-
neering and the description of several examples chosen to exemplify the

relations between research, development and systems engineering,
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Dr. Fisk then concludes the statement to the Committee with the
following paragraphs:

"I would like now to sum up in just a few words. What I have
been t;jying to describe, largely by a series of examples, is a sort
of 'philosophy of research' under which Bell Laboratories operates.
The philosophy may be of interest to you because it has developed
gradually over a long period of time and thus represents a great
deal of experience. It may also be of interest because, as I sug-
gested at the outset, it represents private industry using its own
economic resources and operating under ordinary business con-
straints. Thus, it exhibits at every point a kind of complex inter-
play among economic and technological factors which is not an
obvious feature of many of the country's R&D activities.

"Ox; the other hand, I am quite aware that our approaqh may
not fit all situations. It emphasizes extremely long range planning
and the patient accumulation of technological resources until the
groundwork for a new major development is well established. This
works for us and does not prevent us from taking quick decisive
action when necessary, as the radar and Telstar satellite ex‘amples‘
show. Other laboratories meeting different problems, on the other
hand, might find a somewhat differgnt approach more satisfactory.
Whatever the approach, however, 1 believe it is important to recoghnize

that both science and technology have deep roots and a great deal of
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long term continuity. Major advances seldom occur without elaborate
prior preparation of ti;e ground. Progress is much more likely to
resemble the flow of a stream than a series of lightning boita.

"Our experience, in any case, seéma to have turned up no easy
roads to success in R&D. Certainly, risk-taking is always itherent
in decision-making. Our philosophy contains no magic formulas.
Inistead, it almost reduces to a mundane exhortation to do the best
possible job in all the elements of the complete technological process,
from research through systems engineering and development to produc=

tion and service. Attention to all these areas does indeed seem to be

_important. They need to be properly staffed, properly chartered,

and the interfaces between them neéed to be defined with care.

"If there is any one aspect of the subject which deserves partic-

ular prominence, I believe it is that of choosing the right definition

‘of mission for an R&D enterprise. To make the right choice, and

then to adhere to it, may not be as easy as it sounds. For example,
one may have to decide rather frequently whether entrance into a
new field is, in fact, compatible with the long term objectives of the
organisation, We have occasionally in the past had the even more
wrenching experience of withdrawing from promising areaic in which
we were already well estavlished because they threatened to lead us
too far away from our primary objective of providing ever better

commuunication service. However, such mission definition is necessary

A — S ——— e R N Y —
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if the organization is to develop the 'enduring themes' and flow of
technology which I have described. In the long run, it is the best

means of giving the organization continuing purpose and vitality.'*

y i
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THE DISCOVERY OF MATERIALS FOR THE CONSTRUCTION
OF SUPERCONDUCTING HIGH MAGNETIC FIELD :
SOLENOIDS

CASE ANALYSIS

This case has been analyzed by two complementary methods.

" First, \fthe research-engineering interactions are identified and
assigned t§ the various stages deééribed in the report summary. A
factor analysis is also included.

Second, a chart-has been prepared which provides a kind of chron-

ology of the research-engineering interactions.
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DESCRIPTION OF IDENTIFIED
RESEARCH-ENGINEERING WITERACTIONS

a) ’ Discovery of superconductivity. This was a serendipitous event.
The discovery occuzrred during a fundamental investigation of the
properties of metals at very low temperatures. The v;roﬂt was con-
ceived and directed by a physics professor in a university laboratoxy

in Europe before World VlarA I

b} Proposal of supercomucting magnets. This idea apparently occurred
almost imraediately to the discaoverer of superconductivity and the
suggestion appears in his early motebooks.

Use of a superconducting magihet in & microwave maser and the con-

G
~

struction of a niobium air core magnet which produced a field of
gx:eater than 4,(«‘000 oersteds. This work was performed by a Ph, D.
physicist in a r;oearch laboratory completely funded by the federal
government and managed by a private uniyeroity. The investigator
was working essentially independently ;nd hi3 principal original
objective was to produce a microwave maser suitable for radio
astronomy,

d) Discovery of the high critical field of Nb3Sn, NbZr alloys and other
materials. The discovery was made by a Ph.D. physical chgmiot
and his colleagues working in an industrial laboratory supported

entirely by private funds. The work was triggered by a technical

- — - hanies T T ooy o - <
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vigit with the laboratory in REI-c and was carried out in an atmos-
phere of strong interaction with fundamental investigations of super-
conductivity, materials scientists and engineers, and communications
scientists and engineers who were interested in the application of
high field m;;gnets.

Invention of a tecknique for producing Nb3Sr. magnets. This work
followed immediately upon the discovery cf the high field properties
of Nb3Sn. The inventore of the techniques were key figures in the
original discovery of the physical prope«ties of Nb3Sn. (This refers
to only the first of several techniques which now exist for making
INb35n magnets. Others are referred to in the case but have not been
searched and documented in this study. )

Invention of a superconductor shielded magnst. This device structure
was invented by an applied physicist working in ti'c same industrial
laboratory where the original discovery of high field superconductivity
was made. He v:ru designing \guagonot structures fér micromve masers
and a portion of the work was stimulated by “nilitary needs. The in-
ventor was also physically located near =cr.» of the participants in
the fundamental studias of supsrconductirity :..d participating with
them in the design of apparatus for funca:ncntal research.

Discovery and explanation of trainix;g and flux creep effects. Impor-

tant aspects of the studies of training effects were carried out in two
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private uvniveraity laboratories ard sipported by federa) funds.

Tha yr éEﬁzfiﬁa*'fffé};x""‘*fuﬁa“&mehtﬁ*iﬁie‘i-'ehsi-sfin"*ii'igﬁ field *a{fﬁé‘i-”é*éfi&ii?: -
tivity and also as a result of efforts to design magrnets. The ﬂﬁx
creep studies were parformed in the same industrial laboratory ac
REI-d and suppo. ‘2d entirely by private funds. Here also the studies
were a result of both a fundamental investigation and the des re to
design and build magnets for experimental use.

Uge of s,upeiagﬁducting magnets in Telstar and military systems.
The spocific events dencribed here represent only a few of the pos-~
sibie examples of further development, manufacture and commercial
use of superconducting magnets. These specific examples were
carried out in the laboratories of REI-d and involved developments
in both geographically proximate and distant groups and were a direct
follow on to REI-f. Thay involved both private (Telstar) and federal
(nuilitary) funding. They included strong inter;f:uion with the funda-
nmental physics and materials studies and ‘uquix;od additional inven-

tion for their successful completion.
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RESEARCH ENGINEERING INTERACTIONS TO STAGES

STAGE REI
0 a, g
I b, 4
1 e
111 f, c
v
\'2 h
Vi

Stages were defined by the Committee for purposes of this study,

ollows:
STAGES

Definition ~ -
Scientific finding (knowledge)

Recognition of new material (process) possibility
Creation of useful material (proceéss) form

Feasibility of using the material (process) in hardwar=»

Possibility of using the hardware containing the material
in a system

Production of the system (product)
Operation of the system (product)



1.

20

3‘

10.

11.

12.

13,

14.

15,

LIST OF FACTORS CONSIDERED IN ANALYSIS

High educational level (advanced degree) of principal investigator.
Importance of management.
Importanée/ﬁf Government-sponsored research.

0

Importance of recognized need.

Requirement of flexibility to change direction during work and local
control of funds (easily available resources).

Industrial laboratory involved.

Basic research m the laboratory (or ingtitution or organization).
Communications across of'g'ani%a;iqns was important.
Technical problem was the princ;pa'l obatacle, ¢
Importance of a "'ch;mpion.f’;'

Freedom for individuals.

Broad spectrum of t,yi;ej of Labé;;toriel.

Geographic ;;roximity. ”

Prior experience witix innovation,

Organisational structure (barriers and bonds).
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FACTOR ANALYSIS OF
RESEARCH-ENGINEERING INTERACTIONS

actor REDI » ' Frequency
a b ¢ d e £ g A
1 x x x x. x x 6/8
2 x x x x x x 6/8
3 x x x x 4/8
4 x x x x x x x 7/8
5 x x » x x x 6/8
6 x x x x x 5/8
7 x x x x x x x x 8/8
8 ® X x X x x 6/8
9 x | x x x x > 6/8
0 o8
1 x x x x x x x - x 8/8
2 x x x x x x ] 6/8
3 x x | x x x x 6/8
4 x x x x x x x x 8/8

5 x x x x x x 6/8
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CHART OF RELATIVE CHRONOLOGY
OF RESEARCH-ENGINEERING INTERACTIONS

Events attendant to the case are placed on this chart with arrows
between them. The arrows indicate a kind of chronologyv which is not
exact but which provides some logical sequence through the events. For
example, in some cases, two separate arrows will emanate from a given
event ;ﬁdicating two chains of‘activity which may or may not have started
simultaneously.

When an arrow crosses betweer{)levels on the chart, a research=<
engineering interaction may have taken place. The eight specific research-
engineering interactions which are especially identified are designated by
the letters a through h.

In-oome cases, an arrow terminates in a question mark. This indicates

that a significant chain of events might ! . begun here, but did not.
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