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A(ii) Information sources for carbon/carbon

All of the information for this case‘study’uas gainédf@hilef
the author was working at Dunlop Ltd. Much of it came from
either the personal experience of the author or other emplo-
yees associated with the carbon/carbon development programme.
Other information came from manufacturers of carbon/carbon

in the USA and most of the reactions by potential users uere

in response to direct approaches by the author.

A1 Introduction

Technology transfer betuween the UK and USA (and other coun-
tries) is common place nowadays - particularly if the trans-
fer is from the UK. It makes a pleasant change then to

find a company in this country which has successfully exploi-
ted an American bred technology. For that is what has
happened with one of the latest twentieth century materials -
carbon/carbon. The name may sound ambiguous, for it is in
fact all carbon - but made as a composite material; with

carbon fibres embedded in a carbon matrix.

Dunlop, the only British manufacturer has exploited carbon/
carbon's exceptional thermal properties for use in aircraft
brakes, particularly on Concorde. Whilst Dunlop certainly
won the first round in getting the first carbon/carbon brakes
off the ground, the American manufacturers have done much to
redress the balance. Whether Dunlop can find sufficient
business to rely solely on aircraft brakes for carbon/carbons
or have to diversify the usage of the material into other

fields remains to be seen. This history describes their




efforts to develop a high technoiaéy“materiél For'éifﬁfaff-
brakes and later their attempts to identify applications' '

for more general use.

A2 Discovery of carbon/carbon composites

To say which establishment first discovered carbon/carbon
is rather difficult. Here in the United Kingdom there is
no doubt that we generally had a lead over the rest of the
world in carbon fibre techﬁology. Not only had carbon
fibre Eeen produced here first from polyacrylonitrile (PAN)
at the Royal Aircraft Establishment, Farnborough by

Dr. W. Watt, FRS and his colleagues, but developments with
the final composite (generally carbon fibre reinforaed
plastics - CFRP) were more advanced than elsewhere, though
we later suffered a setback with the Rolls Royce RB 211

engine.

Engineers and scientists are constantly seeking better
materials and the field of fibre composites is no exception.
Fven with a material with a high specific strength, engineers
wanted a higher temperature composite than that obtained with
CFRP. Here the limiting factor is the matrix which melts

or degrades at relatively louw temperatures. Hence the
search for a better matrix material giving rise to fibre

reinforced metals and fibre reinforced carbons.

Scientists at the Atomic Weapons Research Establishment
(AWRE) Aldermaston began looking at the concept of carbon/
carbon composites about 1966 (1). They investigated a
method of manufacturing the carbon matrix by charring the

resin matrix in a CFRP composite.




At the same time in America, Spediélify~Cabems (now taken
over by the Carborundum Co.) noticed that the charring action
of resins gave ablative protection for such uses as rocket
motor nozzles and, later, heat shields for space re-entry
vehicles., Such action led to the study of carbon fibre
reinforced plastics being deliberately charred to give a
carbon matrix and hence a carbon/carbon composite. Even
before this, another organisation - Vought Corporation at
Dallas - claimed (2) to be "actively engaged in the develop-
ment and application of carbon/carbon since 1958", but
information as to how and why they started is not available.
Another firm, Super Temp Company in California (part of
Ducommun Incorporated) manufactured graphite and high tempef-
ature alloys. During 1969, one of their engineers noticed
an interesting phenomenon which occurred during the process-
ing of pyrolytic graphite (3). Carbon felt, which was used
as an insulating material in the processing furnaces, became
encrusted with carbon during the CVD (chemical vapour depos-
ition) process. Ever since, Super Temp have been developing
such composite materials - looking for stronger and less

expensive carbon/carbon materials.

From these beginnings, an industry for the manufacture of
carbon/carbon started. Though it may be difficult to say
who first discovered the principle of carbon/carbon compos-
ites, it was certainly the Americans who pioneered the com-
mercial production of this material following both the resin

route* and the CVUD route. It is this technology, using the

* A description of the resin route and CUD route for manu-
facture of carbon/carbon is given on page 387.




CVUD method of manufacture in particuiér,-that/Dulep has

been able to exploit in the manufacture of brake materials,

and gave rise to Dunlop leading the Americans with their

brake technology.

Since those early days other organisations have become

involved with developments in carbon/carbon,

such that now,

the following American and Japanese companies are working in

this sphere:

Abex

Atlantic Research Corp

Avco

Bendix

Carborundum

Ferro Corp

Fiber Material Incorporated
Fiberite Corp

Gemeral Electric Company
Goodyear

Hercules Incorporated

In addition work is going on

ments:

Hitco

Mitsubishi Electric
Monsanto
Pfizer Incorporated
Raytheon

Super Temp

Stackpole Carbon Company
Toho Beslon

Torray and Nippon Carbon

Union Carbide

Vought Corp

in various US Government Depart-

US Atomic Energy Commission
US Air Force Materials Laboratory
Oak Ridge National Laboratory

NASA



In Europe the following organisations have been involued

with carbon/carbon.

AWRE )
Fordath % in the UK
Dunlop %
SEP g
in France

Le Carbone )

Sigri in Germany

A3 Dunlop look for a lightweight brake

During the late 1960's Dunlop realised that a lightweight
brake would be necessary for the aircraft of the 1870's

and 1980's. The advent of heavier aircraft, with greater
payloads, possibly landing at higher speeds meant that a
lighter, more efficient brake would be needed by the air-
frame manufacturers. Until this time, nearly all aircraft
brakes used steel as the brake friction material. Even
today most aircraft use steel heat sink discs of which
Dunlop produce three types as shown in figure A.1. The
brake itself can be represented by a basic 'H' section as
in figure A.2, the pressure and thrust plates being connec-

ted by the central torgue tube.

The concern here, is the material selection for the heat
pack - the area contained within the 'H' section. The

heat pack is constructed from discs of the desired material,
so that a rotor - rolling with the wheel - rubs face to

face with a stator - located on the torque tube.
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Figure A.2 The basic 'H! section‘ggéresentation of the

aircraft brake
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About 1968, Mr. Bayly (then Director of Aviation Division)
encouraged a much greater effort in the development of
lighter weight brakes. The task of searching for a suit-
able material fell to Mr. Ian Stimson (Engineering Manger
Wheels and Brakes). The main function of an aircraft brake
material is to convert the kinetic energy of the rolling
aircraft to thermal energy and dissipate this heat as rapidly
as possible - similar to a car disc brake. Thus, the
material chosen as the heat sink must have a high specific
heat. According to Dulong and Petit's Law, the product of

the atomic weight and the specific heat, i.e. the atomic
heat, is a constant, approximately equal to 6+4 calories per
gram-atom. Table A.1 below indicates those elements with

low atomic numbers and their corresponding specific heat

value.




Table A.1 : The atomic number and specific heat of some
elements
Element Atﬁzlc Specifig Heat Density Mglﬁizg Comment
(kd/kg 2C at  (g/cc) °
1000°C)
Hydrogen 1 1S approx - - )
. ) Gas

Helium 2 S+2 approx - - )

Lithium 3  4-3 approx $534 186°C

Beryllium 4 3+3 approx 1485 1280°C

Boron 5 21 (at 900°C) 2-3 2300°¢C

Carbon 6 1-9% 146 3500°C (sublimes)
Nitrogen 7 12 - - Gas
Iron 26 0-7 7-86 g 1530°¢C

(steel) 049 )

¥ figure quoted is for carbon/carbon
Obviously some of the elements ruled themselves out - the

gases for instance and lithium because of its low melting
point. This meant beryllium was the first choice material.
Boron was not considered because as far as was known no one
had ever manufactured a structural component with the mater-
ial. By 1964 development work with beryllium had started.
There was difficulty initially in forming beryllium to the
desired shape, and the first made was a 'cased' beryllium
brake. This was beryllium powder encased in a steel disc

housing - the steel acting as the friction material and the




beryllium acting as the heat sink. / EQen had it been pbss—
ible to manufacture beryllium as a structural disc at that'
stage, it would not have been feasible to allow beryllium
discs to run one against the other because of the toxicity
of beryllium oxide. However, by 1966 Dunlop had perfected
a method of manufacturing cased beryllium brake discs - and

had the brake undergoing trials in a BEA Trident aircraft.

During 1967, Dunlop were approved by the manufacturers of
Concorde to be the brake suppliers; either conventional

sintered steel brakes or beryllium brakes.

By 1968, it looked as though beryllium would form the next
generation of aircraft brakes. It had been fully type-
tested to meet the Air Registration Board's (ARB) require-
ments and a structural beryllium brake was under development
(see figure A.3). However, there still remained the fear
of toxicity from the beryllium oxide which necessitated all

operators wearing protective gloves and masks.

So when Bayly heard of developments with a neuw structural
carbon in the USA, Dunlpp decided to investigate this mater-
ial. Stimson visited all the carbon manufacturers in
America during 1969, with the aim of buying suitable carbons
for brake manufacture. He came back with sample material
from two companies - Union Carbide and Super Temp. It
appears there were four companies making structural carbons

- also known as carbon/carbon - at that stage, the other
two being Carborundum and Monsanto. Of these four, Super
Temp only were developing the material by the CUD route -

the others were using the resin route. Carborundum was




Figure A.3 Structural Beryllium Brake Assembly




supplying their material to Goodyééﬁ?jﬁﬁé of Duhlop'stain
rivals in the aircraft brake field. Monsanto's development
had not reached a commercially acceptable standard and appa-
rently they no longer wished to be involved with carbon/
carbon for they asked several companies if they would pur-
chase their carbon activity. Dunlop said 'no', and as it
turned out Bendix, another of Dunlop's competitors in the
brake field, bought the technology. They and Goodyear

have gone on to supply most of the carbon/carbon brakes to
America's military aircraft in recent years, although they
have both changed their technology to include manufacture

by the CVD route.

By the end of 1969, Dunlop had investigated the potential of
the tuo types of carbon/carbon - from the resin and CVUD
Toutes. Mr. Norman Smith (Chief Netallurgist) recommended
that material made by the CVD route would offer the greater
development potential. In essence, the CVUD route was
chosen for Concorde because the size of the heat pack uas
likely to be less than with the resin route. In fact it
was doubtful at that stage if there was sufficient space
even for a CVUD heat pack. In addition the material had
better mechanical strength properties, better friction prop-
erties in wet and dry conditions and superior oxidation
resistance. Another factor must have been, that Dunlop's
competitors had chosen the resin route, and Dunlop wanted

to lead the technology rather than follow it.

When Stimson first visited Super Temp, they (super Temp)

had no thought of using their material for aircraft brakes.

They had no knowledge of brake design and it was the Dunlop



staff, led by Fred Dowell, who pioﬁeered the design con-
figeration. Super Temp were purely being used for their
expertise in manufacturing such materials. They were
admittedly very enthusiastic over the possibility of using
their material for zircraft brakes, and must have realised.
early on that they wvere in with a chance of manufacturing

material for Dunlop, and licensing‘their technology.

During 1970, test and development work on carbon/carbon
from Super Temp started in real earnest both at Coventry
and Dunlop's Research Centre in Birmingham. Even so, the
beryllium brake was still being developed at this stage.
About this time Norman Smith and Dr. Ron Fisher (Manager
Rdvanced Materials Laborafory) realised they would need
someone with expertise in the understanding of fibre rein-.
forced composites, if they were to progress with carbon/
carbon. That someone was Dr. John Weaver who had just
finished a PhD at Nottingham University on fibre reinforced
metals, He was taken on in January 1971. Before doing
any work on carbon/carbon for brake discs, he went to work
with Dr. G. M. Jenkins (who acted as a consultant to Dunlop
for a few years) at the University of Swansea, who was also
investigating the material, its properties and method of
manufacture. This enabled Weaver to look at carbon/carbon
in its own right rather than as a brake material. With
this behind him, he returned to Dunlop and proceeded to
work on friction problems associated with the material and
later on to solving many of the production problems that

occurred.
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By the end of 1971, Dunlop felt they could convince the
appropriate authorities that they had the ideal brake,

wheel and tyre package for Concorde. Those responsible

for the commercial development of the brake project arranged
a suitable seminar but omitted, initially, to invite those
responsible for the technical developments. And on the
10th December personnel from Aerospatiale, BAC, the British
and French air authorities and ministries uwere treated to

a presentation of Dunlop's technology. The main selling

point being the interchangeability of the three brakes that

Dunlop had developed for Concorde - conventional sintered
steel, structural beryllium, and carbon/carbon. At the
close of the presentation Dunlop management were more hope-

ful of selling their brake technology.

No doubt Dunlop felt they had fought off the competition
for the Concorde contract - but no sooner had they thought
that, when Goodyear stepped into the picture. With not a

little panache, they fleu the French officialdom from

Toulouse over to their Akron site in America to try and
rescue the Concorde brake from Dunlop. The outcome cer-
tainly looked as though they had succeeded for they ended
up with an order for four sets of brakes - and Dunlop were

virtually told they uere off the aircraft.

This setback no doubt made Dunlop fight harder. After all,
the Concorde contract still promised much. Whoever won

it would be supplying brakes - both original and replacement

for the airlines - for hopefully well over one hundred air-

craft, as the manufacturers were then claiming. Remember
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between March of 1967 and the end of June 1972; the manu-
facturers had seventy four options on Concorde - then Air
Canada cancelled their options, followed by other major
airlines - Pan Am, TWA, American Airlines, etc. (4). In-
January of 1972 Dunlop successfully stimulated the full
"reject take-off" requirements for Concorde (the heat sink
had to absorb 70 million joules of kinetic energy) with the
structural carbon brake. ARt the same time they uere
insisting that both their brake and Goodyear's should be
sub jected to technical tests by an independent authority.
So in April of 1972 the French aviation authority, S.T.Ae
at Toulouse tested carbon/carbon brakes from Goodyear and
Dunlop. Dunlop's confidence was justified, for the
Goodyear brake broke up whilst the Dunlop brake cracked,

but continued to function.

With this obvious success behind them, development work on
the carbon/carbon brake continued rapidly. A trial set of
brakes for the Super VC.10 aircraft was soon completed and
was in operational use by October. 0f the eight brakes on
the VC.10, one set was replaced by carbon/carbon. The air-
craft was instrumented to record all the operating variables
for the carbon/carbon brake and the associated steel brakes

on the same landing gear.

More importantly, the success of the Toulouse trials gave
Dunlop the confidence to order 2000 brake discs from Super
Temp and take the decision to build their own manufactur-
ing facility at Coventry. In winning the contract to sup-

ply carbon/carbon brakes to Concorde, Dunlop had to agree to



there being two suppliers of the material. This meant
they could not rely on Super Temp as the sole suppliers.

The reason the product support people of BAC and Aerospatiale

insisted on a dual supply source probably lies in the fact
that Super Temp (at Santa Fe Springs, California) is sited
near the San Andreas fault and is lizble to earth tremors.
On March 8th, 1973 a letter of agreement was signed with
Super Temp to provide the necessary technical expertise.
It took over a year though before the necessary licensing

agreement was drawn up and signed on the Sth September, 1874.

Not that this delayed developments with the brake - the
first set of brake discs were put on Concorde during 1874
and a Super VC.10 had become the first aircraft to fly regu-

lar airline service equipped with carbon/carbon brakes in

1973.

Following the signing of the letter of agreement in the
spring of 1973, Dunlop arranged for some of their people to
visit Super Temp to acquaint themselves with production and
quality control methods. Duncan Cunningham (carbon tech-
nologist) spent one month and Stan Worvell (supervisor of
the manufacturing facility) two months with Super Temp to-

wards the end of 1973.

Whilst the CVD facility was being built at Coventry,

Mr. Lockwood-Goose who was Product Support Manager and made
frequent visits to the USA, acted as project co-ordinator.
He flew many times between Coventry and Santa Fe Springs in
California, smoothing out any problems that arose; he saw

the CVD facility completed by the early summer of 1975.



Dunlop had thus completed their searchzfar a lightueight
brake material, and had their own manufacturing site some
five Yyears after the search was instigated. Not only
that, they had won the contract to supply the brakes on
Concorde; and had the satisfaction of knowing that it was
they, who pioneered the first carbon/carbon brakes on a
commercial aircraft. With such a success, they no doubt
felt confident in being able to supply future generations
of aircraft, both civil and military using the most advanced
brake materials available. The search for further appli-
cations has continued since with some limited success to
date but the widespread acceptance of carbon/carbon brakes

has yet to happen in the airline business.

R4 The Concorde Brake

R4.1 Manufacturing Method

The process for manufacturing structural carbon, involves
permeating the appropriately shaped assembly of carbon fibre
with a hydrocarbon gas. At temperatures up to 2000°C the
gas 1s cracked - depositing carbon on the individual carbon
fibres and thus joining them together within a matrix of
carbon. This process is generally termed chemical vapour

deposition (CVD).

Another method of manufacturing the carbon matrix is to
impregnate the bundle of carbon fibres with a resin and then
to char the composite. This cycle of impregnating with
resin and charring is repeated until the desired density for

the material is achieved. Figure A.4 illustrates the two
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different methods for impregnatingatﬁe carbon fibres. A
combination of the two methods may be used in some cases -
for instance, when one needs to hold the fibres in the
desired shape before infiltrating by the CVUD method, resin
may be used to bind the fibre bundles together initially.
Though the resin char method is more rapid than the CVD,
the properties of the finished composite are generally
inferior. Certainly a more dense material can be obtained
with the CVD process; and this leads to a material with a
better resistance to oxidation and contaminants, improves
the strength and also the wet friction characteristics.
Table A.2 illustrates the difference for density and flex-
ural strength for composites made by the CVUD and resin

routes.

Table A.2 Mechanical strength of various fibre - matrix

system composites
CVD Matrix Resin Matrix

Rayon PAN Rayon PAN
Precursor | Precursor | Precursor | Precursor

Density (g/cc) 1¢55-1+60 175 145 160
Flexural (MN/m2) 103 186 69-83 103
strength (p.s.i.)| 15 x 10°| 27 x 10°| 10-12x10% 15 x 10°

As has already been stated the decision to opt for the CVD
route was taken by Dunlop because it offered a more versatile
system and gave a better mechanical properties to the fin-
ished composite. Having said that, there is still room for

improvement with the CVD process. And Dunlop continue to

look at ways of improving the process technology to give a



better composite material, in termé of its propertieé and
price. A recent report (5) indicates the potential devel-
opments that could occur with further studies of the chemical
and physical aspects of the process; the effects of pre and
post treatments to the composite. The use of alternative,
possibly cheaper substrates and a better fundamental under-
standing of the philosophy of design with the material may

also lead to more effective, less costly processing.

In the case of Concorde disc brakes the process starts with
a woven fibre cloth, whose precursor was rayon. Other
forms of carbon fibre can be used depending on the article;
for example chopped strand mat, felt, tow, etc. The pre-
cursor ahd the form of carbon fibre affects not only proper-

ties but may also influence the price of the final article.

Several layers of cloth are cut to shape, cleaned and laid
up between graphite jigging plattens to form a pile some
twenty five per cent thicker than the final thickness required.
Figure A.5 illustrates the production process. The work
piece is then processed in a vacuum furnace (see figure A.6)
for several weeks. Ouring this time, the discs will be
removed from the furnace at several stages. Firstly after
an initial bonding run, the jigging plattens will be remcved
once the work piece has been consolidated. The discs will
again be removed from the furnace at later stages for mach-
ining operations. This 1is necessary because the pore size
in the composite reduces as the carbon is deposited. R
point is reached when no more gas can permeate the composite

hecause a surface crust of carbon has closed off all the

pores. This crust must be removed periodically by machining,
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Figure 3.1

CARBON DISC MANUFACTURE - CV.D. PROCESS

@ Cloth cut out
@ Cloth lay-up in jigs

% . @ Machine

Repeat 5 and 6 until required
density achieved

@ Heat treatment
(5' Furnace)

@ Bonding

(15' Furnace)

e —

@ Finished rotors and stators

Anti-oxjdant
protection

Drive clips fitted torotors
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which will allow fresh gas to peﬁétrate the bulk of the

material when placed back in the furnace. Even with this
repeated machining the density of the final composite may
vary from say 1+7 g/cc at the outer surface to 1+5 g/cc at

the centre.

Following the infiltration process, the composite may
undergo a heat treatment operation to modify the properties
of the material. This operation again takes place in a
furnace at temperatureé in excess of ZOUGOC, and has the

effect of increasing the thermal conductivity, whilst dec-

reasing the overall strength of the composite. In some
instances the heat treatment operation may precede the final

one or two infiltrations.

After the final machining operations, the edges of the disc
are given an anti-oxidant treatment, and drive clips are

fitted to the rotors - see figure A.7. The end result is
a composite having a thirty per cent fibre volume faction -

seventy per cent is deposited carbon with a pore size of 10-

15 microns. The density of the finished material varies
according to the thickness of the composite - about 1-6 g/cc
for 13 mm thick material, and 1+45 for 25 mm thick material.
Thinner composites obviously take less time to process and
will be correspondingly cheaper. The same applies with
composites of lower density - if only one or two infiltration
runs are necessary the processing costs will be that much

less.




R4.2 Properties of the composite

R composite material such as that described above, has

anisotropic properties, being made from distinct layers of
cloth. This anisotropy —causes the properties of the mater-

ial to vary depending on the orientation of the fibres.

Some of the general physical and mechanical properties of
the material are shouwn in Table A.3 below and compares them

with other materials.

Table A.3 Some of the general physical and mechanical
properties of carbon/carbon in comparison with other materials.

Carbon/ Metal

carbon Aluminium Steel Impregnated CFRP

carbon
Density (g/cc) 1.6 278 7-86 28 134
Temperature X%
capability PCD 2500 260 750 750 300
Modulus of
elast%city 12 70* 207* 2 109*
(GN/m“)
(x10% p.s.i.) 147 10 30 0-3 16
Flexural
strength 100 427% 1990% 9 1410%
(MN/m*)
(x10° p.s.i.) 15 62 290 1433 204
Coefficient of
Thermal_gx an-
ion (107°/-C)
Longitudinal +0-5 +24 +11 +5 -0-7
Transverse +1-0 - - - -1-0
Specific heat
(cal/gmOr) +168-+46 22 12 *17-+45
at tempsé
quoted (~C) (20-1000) (15-185) (20-100) (20-1000)
¥ Strength and modulus guoted are the maximum possible at the
upper limit of their temperature capability.

*%¥ In inert atmosphere. (900 in oxidising atmosphere).
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A more detailed breakdoun of the properties that can be
expected on the Concorde brake discs are given in tables A.4,
A.5 and R.6 and figure A.8. In general though, carbon/
carbon composites exhibit a unigue combination of features,
and these are listed as follows:
- Chemical inertness to most corrosive agents
- High thermal and electrical conductivity (with heat
treatment)
- Low thermal expansion coefficient
- High resistance to thermal shock
- Low density
- High specific heat
- Absence of melting behaviour
- Good machinability
- Non-toxic
~ High operating temperatures - 2500°C in inert atmosphere,
otherwise 500°C with anti-oxidation treatment.

- Biocompatible

The items which have been made so far, are generally of
simple shape - plates, discs, cones, tubes, rods, etc.,
although some success has been achieved with moulded items

(see figure A.9).

Generally tolerance maintenance is not as good as say, steel,
and low temperature creep and movement after machining is

noticeable, but not so much as with plastics.
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Table A.4 General data sheet of structural carbon by Dunlop

Property
Fibre Volume% 34
Density (g/cc) 16
Flexural Strength (MN/m?) 103
(pes.i. x 10°) 15
Compressive Strenth (MN/mz) 138
(pes.i. x 103) 20
Interlaminar Shear (MN/mz) 17
Strength (pos.i. x 109) 245
Elastic Modulus (6N/m?) 11:72
(p.s.i. x106) 147
Thermal Expansion: Longitudinal +0-5
(x10—6 cm/cm/CC) Transverse +1-0
Thermal Conductivity: Longitudinal 0-17
cal/cmstC Transverse 0-060
Friction Coefficient 01 - 0-35
Electrical Conductivity (mho/em) ™ 625
Thermal Shock resistance* (W/m)
Longitudinal 350,000
Transverse 37,700
Strain to failure 0-9% approx.
Impact Strength (Nm/mm of natch) 210
(fFt lbs/in of notch) 0+950

* Thermal Shock Resistance determined using Gangler Parameter

o . K
<. E

i.e. Gangler Parameter A =

Stress

Thermal Conductivity
Thermal Expansion
Elestic Modulus

x:x(l
i nou

m

Ref: J. J. Gangler - Journal American Cermaic Society 33 (1950)

See also Table A.5 for comparison with other materials

+ See2 also Table A.6 for comparison with other materials,
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Table A.5 Thermal shock resistance of various materials

Gangler Parameter A = —_Ei_LJi
O(.E
) A Value
Material Cals. cm™ 's™ W/m
Metal
Copper 100-0 42,000
Oxides
Mg0 3.0 1,250
AL203 27-0 11,300

Mechanical Carbons

CCA 21-0 8,800
CCP 47-0 19,700
ARUT 79-0 33,100

Commercial Grade Carbons

CS 277-0 116,000
RTJ 270-0 113,000
AGU 330-0 138,000

Carbon Composite

Cloth laminate heat
treated to 2700 C.

(a) Parallel (a) 831-0 350,000

(b) Perpendicular to (b)

layers of cloth °0-0 37,700

Table A.6 Comparisons of electrical conductivity.

Substance Electrical Conductivity mho/cm
Carban/carbon 6-25 x 10°
Graphite 3 x 10° - 1.6 x 10°
Carbon . 14 x 102
Iron 11 x 102
Aluminium 4-0 x 10°
-11 -14

Alumina 10 - 10
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Figure A.8 Variation of thermal conductivity and specific

heat in carbon/carbon composites.

Variation of thermal conductiuity with heat treatment tempera-

®
(0}

L tures.

Measured at room temperature paialleﬁ to

lavers

°
N
€3}
]

®
N
1

o

—_—

Ul
1]

Perpendicular
to layers

®
—_—
1

e
[}
um
1]

Thermal conductivity (cals/cms®0)

o

i S J

1000 2000 3000

Max. heat treatment temperature experienced by
composite (C)

Variation of specific heat with temperature

Specific heat (cals/g°C)

0 200 400 600 800

Temperature °c



- 3 -

Figure A.9 Some Components Made From Carbon/Carbon,

Including Rod, Tubes, Rings, Bolts, Plate, and a Moulded
Air Motor Rotor
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A4.3 Cost of carbon/carbon composite

The cost of a carbon/carbon product is difficult to compare
with that, of say, an aluminium extrusion, which may be so
many pence per metre; or with steel, which may be so many
£'s per kilogramme. The cost of any carbon/carbon article
is made up of several components - the raw material €.Q0.
Carbon fibre costing £30 to £40 per pound which varies
depending on whether a cloth, tow or felt is chosen, and
whether it is from a rayon or PAN precursor; laying=-up the
material to the desired shape; processing, which will inc-
lude infiltration and machining between infiltrations.
Other factors which will affect the cost include: the fin-
ished size of the component - a thick component will reqguire
more processing time than a thin one; the properties
required from the composite - again, a dense material of
1+7 g/cc will reguire more processing time than one of say

1+4 g/cc.

On high-performance military aircraft the value of weight
saving may justify the additional cost of carbon brakes to
the order of $100- b150 per pound. However on subsonic
commercial aircraft the target is lower still and the current
aim is to produce carbon discs at figures less than &100 per
pound. This sort of figure serves to indicate just hou
expensive carbon/carbon is - and the reason why only a feu
specialised industries can afford it in cost effective appli-

cations. See also comments in the supplement p. 425,
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RS The spin-off #nto other aircraft

Having invested over one million pounds in a facility to make
aircraft brakes in a neu, some may say exotic material, it
was obviously Dunlop's aim to get the material used on other
aircraft. Unfortunately, carbon/carbon is not as cost
effective on present day sub-sonic civil aircraft as for
super sonic aricraft - and there is only one design of a
super sonic civil airliner in the western world. Such
brakes as carbon/carbon do show advantage on military air-
craft though, enabling a greater weapon payload and, or
longer range. However, most of the latest European designed
fighter aircraft have already had more-conventional brakes
assigned to them. As yet none of the other military air-
craft planned in Europe have settled on their final brake
technology. The story in America is rather different.
There, the whole of the aviation industry closed ranks on
outside suppliers after Dunlop had won the contract on
Concorde. And, although there have been several aircraft
fitted with carbon/carbon brakes - for example McDonnell
Douglas' F-15 and F-18, General Dynamic's F-16 and Northrop's
YF-17 - the contracts for these have aluays gone to American

manufacturers, either Goodyear or Bendix.

The success of the Concorde brake has not therefore, brought
aircraft manufacturers rushing to fill the Dunlop order book
with more carbon/carbon brakes - even though Dunlop have
sold the concept hard and long. Development work continues
on brakes for various civil and military aircraft projects

but only development orders have so far been placed. This
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may not have mattered had the early predictions of the num-
ber of Concordes in service - BAC were estimating to break
even on 120 aircraft - been fulfilled. As it is Dunlop

have nearly completed the order for Concorde's brakes for

BAC and Aerospatiale, Air France and British Airuays - =z
total of nine aircraft. However other carbon brake manu-
facturers are no better placed - Goodyear having only one

contract left in the States, i.e. F-16 while Bendix have

just two, the F-18 and F-15 follow on aircraft.

Only one other zerospace application for carbon/carbon -
other than brakes - has arisen. And that was a small, flat
ring (see figure A.9) used as a pressure pad for screw jacks
operating the flying surfaces on the European Airbus. Such
rings can be made from the material used for the Concorde
discs. But ten rings per aircraft, on the hundred aircraft
that were planned was hardly going to keep the production

facility going.

As can be seen, Dunlop had the potential for supplying a
material ideally suited to energy absorption - either brake
or clutch applications - and also for bearing applications.
They will no doubt find applications on other aircraft; but
experience has made them realise that reliance on one custo-

mer {(or one industrial sector) does not always pay.

A6 The search for other users of carbon/carbon

Before describing how the search for carbon/carbon users has
proceeded, it is as well to understand the marketing activi-

ties undertaken by Aviation Division of Dunlop.
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6.1 Aviation Division's marketing activities

Aviation Division do not have a marketing department as such.
They do have a sales department which is responsible for the
acquisition of orders and sale of equipment to the aircraft

and military industries in general.

It is not Dunlop's aim to sell specific items to the user -
their aim is to promote the idea of being in the aircraft
equipment business. It is assumed that the manufacturers
of airframes and aerocengines know that Dunlop are in the
business of supplying eguipment. An airframe/aercengine
manufacturer will therefore enqguire if Dunlop is able to
supply a particular part whenever necessary. Enguiries
may come from the UK, Europe or tHe USA. As a summary of
Dunlop's business in these three areas they can expect to

receive enguiries:

- definitely from the UK manufacturers

- generally from the Eurcpean and American manufacturers.
The procedure for acquiring business is generally as follows:

- Dunlop will receive a design specification (or ACS =~ air-
craft control specification) from the customer, which will

give very specific details of the item they require.

- Dunlop will submit a proposal to the customer within
thirty days. This may be a detailed document covering
the statement of compliance (interpretation of the ACS
paragraph by paragraph), description and operation of pro-
duct, the design philosophy, a weight statement, reliabil-

ity statement, relevant drawings and alternatives or varia-

tions.
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- If Dunlop's technical and commercial proposals prove to
be competitive and subsequent negotiations on contract
terms and conditions are considered by both parties to be

satisfactory, then an order will result.

This method of tendering for business is general to the
aerospace andmilitary industries, who specify their needs
and let the squipment manufacturer's compete for the con-
tract. Such a system works quite well in this particular
environment but it is only to be expected that a company
orientated to supplying the needs of the aviation industry
would have problems introducing a new material. The
senior management of the company probably recognised this
for it would explain why the sales department has never

been asked to sell carbon/carbon.

This illustrates the problem that a company oriented to a
specific market might have, in trying a new venture in an
unknown market. They have fixed ideas of working within
their known sector but no experience for tackling new areas.
In Aviation Division's case this is not quite true because

a new foamed metal 'Retimet' had been launched by the com-
pany some years ago. The development, production and
marketing of this material was put in the hands of one man
in the laboratory. I+ was a case of developing a material
with no end product in mind, and indeed it was introduced on
the BBC's Tomorrouw's World as a material looking for a prob-
lem to solve. Fven the response to such publicity was
under-estimated and a lack of follou-up material added to

the problem. Insufficient analysis of Retimet's
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properties together with a lack of information about the
material at the right time illustrate just two of the prob-
lems that Dunlop had whilst trying to introduce this new
material. As a result, this product has never been regar-
ded as a success even by the company. It is probably fair
to say that they did not want to go through the same process

with carbon/carbon and have therefore tackled the problem in

an entirely different way.

A6.2 Publicity given to carbon/carbon by Dunlop

The publicity given to carbon/carbon by Dunlop has been mini-
mal. Following the symposium given to the various aviation
authorities (see ‘page 384) on 10th December, 1971 a press
conference was given. And some while later Mr. John Dent
(Director Engineering Group) suggested that Aviation Division
might compete in The Royal Aeronautical Society's annual
competion for the N. E. Rouwe Medal. Of the three papers
given to the Coventry Branch of the Society, John uWeaver's
"padvanced Materials for Aircraft Brakes" went on to win the
1972 N. E. Rowe Medal for the 21-25 years age group (6).
Another paper, "Design development of lightweight wheel
braking eguipment" (7) was given by Stimson and Dowell in
1973 at the Conference for the Society of Allied Weight
Engineers. In 1974 a paper (B) was given by Fisher and
Weaver at the carbon conference in London. These have

been the only technical papers published by Dunlop on carbon/

carbon.
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Uther announcements have occasionally occurred, for instance
The Finmancial Times (9) carried a short column when the CvD
furnace was installed during the summer of 1974, Full page
advertisements (selling Dunlop's brake technology in carbon/
carbon) have appeared in Aviation Week and Space Technology,
but there zre no records of the response. Formal lectures
have been given to various societies - for instance the
Rubber and Plastics Institute, Birmingham Branch meeting in
the autumn of 1977 - giving a brief history of Dunlop's
involvement with carbon/carbon and their associated brake
technology. Similar lectures have been presznted at foreign
trade shows; for example a tour of India in early 1978 was
aimed at promoting Aviation Divisions technology. Until
recently (see page 411 and references 12, 13, 14, 15 and 16)
no journalistic publitity has been given to carbon/carbon by
Dunlop, apart from a public exhibition run at the Design
Centre, London during the summer of 1977 (17). This was
essentially to promote an overall image of Dunlop rather than
to push the carbon/carbon technology in particular. Other
exhibitions pushing the carbon/carbon brakes have been the
biennial SBAC exhibition, the Paris Air Show, the Hanovar
Show and more recently a similar demonstration in Japan.
Mock-ups of the Concorde brake have been shoun (figure A.10)

at some of these exhibitions.

A6.3 A market survey by ERA

Following Dunlop's decision to build their own CUD facility
and make carbon/carbon on site, they began to think of other

possible applications that the material could be used for.



Figure A.10 Section Through the Concorde Main Tyre and
Wheel Showing Multi Disc Structural Carbon Plate Made
From Carbon/[Carbon Composite
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A market research study was obviously called for, but who
should do it~? Research Centre felt they could handle such

a task, but the people at Coventry favoured an outside |
organisation, equipped with the necessary skills in market
research. Dunlop had previously seen one of ERA's (Elec-
trical Research Association) long range planning reports

"The commercial exploitation of carbon fibres to the 13980°'s",
Such background information led Stimson to ring Dr. B. C.

Lindley at ERA early in 1973.

Apart from ERA's long range planning report on carbon fibre
they had also investigated insulating materials for the
electrical industry. Otherwise their experience lay with
electrical and electronic projects. They had not long been
in the business of performing marketing studies - only since
1968 had they had a Technological Planning Unit (now Planning

and Market Development).

As Dunlop had no experience in the electrical components
field, but felt that a structural carbon might be of impor-
tance in that area, they followed up the ERAR contact. An
exploratory meeting was held at ERA, and an interim report
was submitted by ERA to Dunlop in July 1973, This laid
out their understanding of the problem, details of carbon/
carbon's manufacture, its properties, and the method they
proposed to follow to search for neu market areas for the
material. Most of the contacts they made were from refer-
ence to their own library of contacts built up over past
years. Where they had no knowledge of a contact in a par-

ticular industry; telephone calls to various establishments
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were made to identify the ‘'right' person. In conducting
such a search they were aware of the physical properties of
the material, as indicated on pages 395, 396 and 397, and
were seeking applications where cost might be regarded as
secondary to achieving functional objectives. Using pro-
duct/market matrices and relevance tree technigues they
identified tuwenty seven possible areas for carbon/carbon
usage. 0f these only five were recommended to Dunlop as
being worthy of any follow-up in the final report of January

1974 (10). These were, in order of potential:

Medical implants
Engine seals
Diecasting dies
Bearings

Batteries

The report was regarded by Dunlop quite favourably, although
Roger Bull of ERA felt Dunlop "had used the study as insur-
ance against the brake programme failing" (11). Some of
these applications were followed up and development work on
a few started. But none have yet come to fruition as we

shall see later.

A6.4 The lTotzal Technology approach

With seemingly no neuw applications being developed for
carbon/carbon, Dunlop's head office - or rather their person-
nel department - played a part in the carbon/carbon history.
Mr., Rupert Brooks, Career Development Officer, was looking

for new graduates to join the company. He and the author
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met through Cambridge University, where the author was
enrolled for a Production Management course. Brooks, know-
ing the authors background in aviation, with experience on
CFRP structures, proposed a project working with structural
carbon whilst undertaking a Total Technology PhD at Aston
University. This was set up during the summer of 1975
with Bayly and the Chief Engineer of Aviation Division -

Mr. Stan Beasley. The author was placed under the Chief
Metallurgist - who unfortumately had not been involved in

the preceeding negotiations. The project - "to find neuw
markets for carbon/carbon outside the aerospace and military
sectors" - did not get off to a good start because of this.
However, once the author had been accepted and his position
and responsibilities clarified (which took about six months)
the work proceeded satisfactorily - as testified by the
thesis "Study of new product market search and user adoption™.
The project does not claim to have found new uses for carbon/
carbon in the three years that it has been running - but
ratner to indicate the ways in which a material producer
should tackle the problem of finding uses for a new material.

The project discussed:-

- the factors affecting the innovation process, related to
material developments, both internal and external to the

producing organsiation.
-~ the search procedures avallable toc a material manufacturer.

- who the "material decision maker" is, in various industrial
sectors, what his function is, and how important he rates

materizl innovation,
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- which information sources/channels should be used to

reach the "material decision maker".

- the time period that can be expected for material adoption

in different industrizl sectors.

The results of this project led to publication of several
articles and advertisements, in various journals (12, 13, 14,
15, 16) which may well lead to future applications for

carbon/carbon.

In carrying out such a project the author was able to study

various applications that arose, and to follow their history.

A7 Some applications considered for carbon/carbon

During the first two months of 1976, the author got in touch
with most of Dunlop's knoun contacts who had an interest in

carbon/carbon development. These contacts followed either

from the ERA report (10) or directly from Fisher and

Weaver. The applications discussed here are generally

those that have yet to come to fruition.

A7.1 Medical (implant) applications

There have mainly been two areas of work concerned with car-
bon/carbon developments. The first, a heart valve, stemmed
from contacts that Dr. Fisher had forged with the nuclear
industry - in particular the ill-fated Dragon Project in
Dorset. And the second, dental implants, arose from con-
tact with Dr. G. M. Jenkins at Swansea - who had by then

finished his consultancy contract with Dunlop.



R7.1.1 Heart valve

The Drgaon Project had become involved with the Societa
Ricerche Biomediche of Italy and asked to coat a heart valve
with pyro carbon. This valve was later passed to Dunlop

who were asked to seal the surface by processing in their

CUD furnace. By the end of 1975 though, it became knoun

to Dragon that the valve which the Italians were experiment-
ing with was a virtual copy of the Bjork-Shiley valve -
designed and patented in the United States some years ago.
Dr. N. Macleod of Edinburgh University pointed this out to
Dragon in December 1975. He was himself working on a new
heart valve design to try and overcome some of the inherent
problems with the Bjork-Shiley and Starr-tdwards* type valves.
Problems such as being noisy (Starr-Edwards), with high pres-
sure drops and generally thrombogenic (promotion of blood
clots) were common. Macleod, a chemical engineer, applied
his knowledge of fluid dynamics to the problem and propsed

an aerofoil shaped, pivoted valve, housed in a conical ring -
see figures A.11 and A.12. Mr. F. Ridealgh of Dragon sug-

gested in January 1976 the author should contact Macleod.

Macleod responded very rapidly to approaches from Dunlop and
on the 8th of March he met the author at The Institution of
Mechanical Engineers where a discussion on "flow dynamics of
heart valve prostheses'" was being held. Over dinner that
evening he and Professor David Taylor (an eminent surgeon of

The Royal College of Surgeons) convinced the author that the

% the Bjork-Shiley is a restrained butterfly valve
the Starr-Edwards is a caged poppet valve.



Figure A.12 Schematic of
Macleod Heart Valve
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Macleod valve was superior to any other type of mechanical
valve. He had previously made the valve from vitreous car-

bon and various polymers, and was keen to try and make it

from a reinforced carbon. Carbon was regarded as the ideal
material because of its previously proven biocompatibility
with the human body. Unfortunately, the Americans appeared
to have virtually covered the bio-engineering field with
patents on components made from pyrolytic carbon. Because

of this, vitreous carbon was the first choice material and
Macleod had at first been able to get material from Plessey's.
When they stopped their process he turned to Fordath and

then the Atomic Emergy Authority at Springfield for mater-

ials. His patents (1,327,192; 1,327,371; 1,407,621;

1,447,871) on "improved fluid control valves" extend back

to 1969.
Following this first meeting, sample material - both cloth
and felt reinforced material - was supplied to Macleod. He

had difficulty machining the cloth based composite, and
thought both had far too coarse a grain structure for his
PUTPOSES. At this stage very little effort was made by
Dunlop into developing better materials for such an appli-
cation. This was mainly due to (a) pressures to overcome
Concorde disc production problems and (b) the uncertainty
members of the Advanced Materials Laboratory had as to
management policy for developing medical devices. For

example, there were fears being raised over the possibility

of Dunlop being involved in large insurance claims, should
someone die when fitted with one of their valves. Nobody

had any real answers to such fears, and no one was asked to
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find out ways around such problems. Nothing more happened
until 6th January, 1977 uhen Beasley (Chief Engineer) inti-
mated that a policy document being prepared for Engineering
Group, Dunlop, included diversification plans for carbon/
carbon, The medical field was in no way restricted.

Indeed Beasley was keen to have the potential of heart
valves more fully investigated. So on the 24th January,
1977 Norman Macleod visited Coventry and presented his valve
to a group comprising N. Smith (Chief Metailurgist), J. Weaver
and R. F. Fisher (Advanced Materials Lab) Mr. H. Wagstaff
(Sales Engineer) and the author. Macleod estimated the
market for such valves to be five thousand valves per year
in the UK alone at a value of £1-5 million (18). Most of
the valves are currently imported from the United States

and cost between £200 and £800 each. A feasibility study
with small carbon/carbon discs (1" dia x 1/8" thick) was
planned as a result of the meeting. This was essentially
to establish that carbon/carbon had the required mechanical

properties.

Prior to this feasibility study (between March of 1976 and
January 1977) Macleod continued his efforts to interest

other manufacturers with his valve. He very nearly succeeded
with Morganite but came up against bureaucratic red tape when
Morganite asked for guarantees from the Department of Health
and Social Security, who were slow to pursue the matter.

Had they succeeded Dunlop would have got some work anyway
because Morganite were approaching Dunlop to seal the com-
ponents with pyrolytic carbon. Macleod made contact again

with Dunlop during this period in the hope that they would
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sponsor such work. When the author could give no firm
indication along these lines, he put Macleod in touch with
Dr. G. M. Jenkins at Swansea in September 1976. Jenkins
had earlier in the year forwarded a pre-published MRC (Medi-
cal Research Council) report (19) to the author. This
clearly showed the biocompatibility of carbon/carbon with
living tissue, especially when implanted percutaneously.

It described bone implants and also heart valve fabrications.
Even though Jenkins was able to make the occluder and ring
for the Macleod valve from vitreous carbon, neither were
really satisfactory according to Macleod. In any event,
Jenkins had no production facilities and the enterprise

fell through.

The work proposed for the feasibility study at Dunlop never
really got off the ground, and association between Dunlop
and Macleod gradually petered out with no real conclusions
either wvay as to whether or not carbon/carbon would have been
a useable material. Furthermore, Aviation Division had

no procedure for actually lboking at the benefit of such
ideas by investigating the market. With such experiences
behind him - nearly ten years trying to interest a UK spon-
sor to manufacture and market the valve - Nableod then pub-
lished his work in the USA. Two firms immediately came
forward. One of these, a fairly big organisation with
experience in this field is considering taking on the pro-

ject.



A7.1.2 Dental implants

Dr. G. M. Jenkins (Swansea University) put the author in

touch with Professor A. 0. Mack at Eastman Dental Hospital,
who was doing work on tooth replacement. Mack was contac-
ted in early February 1976 and a meeting in March arranged.
Dr. John Hobkirk (senior lecturer in Prosthetics Dept) had
for some years been investigating the potential of various
ceramics and carbon products as implantable materials. As

a result of the meeting between Hobkirk, Mack and the author,
some small sample rods of carbon/carbon were sent to Hobkirk
for investigation as tooth roo£s (May 1976). Some of the
samples together with vitreous carbon acting as a control
were inserted into the jauws of rhesus monkeys. Such implan-
tation trials obviously take a long time, and even by April
1978 no firm results had been obtained, although histological

tests were being undertaken.

The replacement of tooth roots with a biocompatible material
such as carbon/carbon is still very much in the experimental
stage. The hope is that the porosity of carbon/carbon will
allow tissue ingrowth into the artificial root, after which
the tooth root may be capped. However, Eastman Dental
Hospital is a private institute. Their patients can afford
titanium and vitreous carbon tooth roots which currently
cost £15 - £40 each. Whilst there is the possibility of
producing tooth roots by the thousand each year, it 1is
Unlikely that national health patients would be able to
afford such treatments, as Dr. Wilson of the Birmingham Den-
tal Hospital pointed out (20). Even should such developments

succeed, the financial return to Dunlop would be minimal.
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A7.1.3 Concluding remarks on developments with the medical

world

Although the medical field is undoubtedly an area where neuw
advanced technology materials are making an impact (titanium
for instance), it is not an area where large quantities of
material are consumed. The medical profession is houever,
prepared to pay the high prices that these materials cost,
providing 6f course they do the job correctly. An area of
concern here for all material manufacturers though is that
many surgeons have their own whim as to which joint replace-
ment, heart valve, etc. should be used. A recent course
(21) at the Insitution of Mechanical Engineers showed guite
clearly that many surgecons had their own design joints for
the shoulder, elbow, wrist, etc. and would use no other.
Consequently there are no great numbers of any one design,
and for a material producer the answer is obviously to have
his material used by each and every surgeon regardless of
design - very difficult for carbon/carbon, where the material
has to be laid up in a particular configuration, for a given

product.

Although the experience of Aviation Division with the medical
world is both short lived and apparently haphazard, the over-
all Dunlop experience is not so bleak. In 1877 the direc-
tors at Dunlop head office decided to set up a new division -
Bio-activities. A major aim of this division is to provide
suitable procedures for investigating the marketability and
desirability of Dunlop pursuing ‘biological' activities.

Such a unit will hopefully identify and analyse those biolog-
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ical activities that are suitable for commercial exploitat-
lon. This will remove the responsibility of carrying out
such investigations from the various Dunlop divisions who

may lack the appropriate biological and marketing expertise

in this area but have the required technology.

7.2 Seals and bearings

The ERA report (10) of Januery 1974 gave an indication of the
potential both for seals and for bearings. Aviation Divis-
ion appear to have moved guite rapidly on this, for some of
their hydraulic and pneumatic control equipment could well
have used carbon/carbon bearings and seals. Many of the
seals in such devices are made from unreinforced carbons and
are prone to operator abuse. It is not unknown for three
seals to be broaken before a sound one is fitted - due to the

inherent brittleness of the material.

w

Under the direction of Mr. Brian Bull (Senior Design Engineer),
modified drawings for piston rings and bearings - to be made
from carbon/carbon - appeared from the design office. A
test rig was designed and made, so that the new components,
could undergo operational trials. In the Advanced Materials
Laboratory though, no one had experience of the necessary
filament winding technigues to make carbon fibre tubular com-
ponents. Nevertheless Weaver rapidly converted one of the
lathes on the shop floor and began to investigate the manu-
facturing methods. Having tried the known methods of mak-
ing CFRP tubular components - and found them unsuitable for
carbon/carbon - a more suitable technique was gradually

evolved. In doing so, care was taken to ensure that no
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patents would be infringed by this developed method. By
November of 1974, the first tubes had been infiltrated in
the furnace and were ready for machininge. This raised the
next problem, for a single point tool on a lathe automati-
cally unravells the carefully wound carbon fibre touws.

Even though Weaver had foreseen such problems and suggested
a wet grinding technique should be used, it took the machine
shop several ruined tubes to relaise the same. Wet grind-
ing, using cylindrical or centreless grinders gave satis-

factory results.

The initial success gained with such filament wound rings
looked promising - hoop strengths of 390 N /m2 (57 x 102 psi)
with a Youngs Modulus of 139 BN/m2 (20 x 108 psi) were com-
mon place. An inherent advantage of such rings is revealed
when failure of the ring occurs. The fibres running around
the outer circumference break when the ultimate load is
reached - but the inner fibres remain intact and the ring
could presumably continue to function, though less efficiently
until replacement. This might well be advantageous for
piston ring applications where a carbon or steel ring would
fail completely giving total pressure loss and in the case of
a steel ring, the fragments could ruin the bore of the cylin-

der.

Such good results became more difficult to achieve as more
components were made - and this variability in the properties
of the product has slowed down many a development project
(see next section). Apart from the initial test work car-

ried out to investigate manufacturing methods and the
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physical properties of such filament wound tubes;, no further
development work ever took place. The test rigs for carbon/
carbon seals and bearings have never been used for that pur-
pose. Hardly any resources - less than two hundred man
hours, and only a few hundred pounds for raw materials, lay-
up, processing and machining - have been devoted to the pro-
ject. Even though Dunlop have never felt able to proceed
any further with seals for their oun products; other potent-
ial customers do not share that view. In particular, work
for the Ministry of Defence is continuing in this ares,
though on a different product. The advantage of such a
reinforced carbon over conventional grades of carbon or such
devices as seals and bearings is obvious - greater strength
and thersefore less prone to operator abuse. Presumably
other companies recognise this more than Dunlop, for several
wish to investigate the material's potential. The publicity
during early 1978 (12, 13, 14, 15, 16) has brought foruward
such enguirers. Another, local enquirer for reinforced car-
bon seals was made in April of 1978 when one of the shop
floor machinists was chatting to some friends in his local
pub. This Rugby based concern, is now investigating carbon/
carbon for a sealing application. Presumably, if a success-
ful product for an outside customer 1is completed, Dunlop will

again review the situation for their own products!

A7.3 Batteries

Again, this was a product area suggested by ERA. The
batteries in guestion are the sodium/sulphur battery and

zinc/air battery. A great deal of development work on
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batteries is going on at present (22), particularly with the
sodium/sulphur type, uwhere the aim is to produce a2 battery
uith'Four times the energy density of a conventional lead-
acid battery hopefully for use as and when the ‘energy'
shortage becomes more apparent. Research with the sodium/
sulphur battery has been going on for ten years now and
Bunlop's association with it started in 1974. It came
about partly as a result of the ERA report and partly because
of Dunlop's contacts with British Rail for braking develop-
ments (see page 424). British Rail have a2 staked interest
in sodium/sulphur battery developments and they put Stimson

in touch with the firm that was researching the battery.

The application in guestion did not acutally use carbon/
carbon but rather made use of Dunlop's facility for sealing
carbon using the CVUD process. Many materials have been
investigated for use as the electrolyte tubes¥*, and Dunlop's
carbon is just one of them. As with the bearing/seal devel-
opments the early results with the carbon tubes looked very
promising. The tubes housed the molten sodium and allowed
the sodium ions to pass through the wall to react with the
sulphur anions. All seemed well with the first few made,
and with forecasts of one million tubes being required in
ten years time Dunlop looked set to play an important role
in this new battery's development. Unfortunately, the qual-
ity of the product varied enormously as the numbers being

made were stepped up from the odd one or two to hundred's.

¥ For an understanding of the operation of the sodium/
sulphur battery see reference 22.
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This variability in quality - which has occurred with other
products - must be explained by the processing techﬁique.

It has been the hope of the Dunlop engineers that small items
- such as these tubes, or bearings, seals, etc. - could be

fitted in or around the brake disc stacks.

Whilst the processing conditions are ideal for the brakes
(though even this is still being investigated - reference 5)
the conditions are almost certainly not ideal for many smal-
ler items stacked over a height of several metres. It has
not been possible to develop more suitable manufacturing
facilities for these smaller items due again to a lack of

resources - manpouwer and money.

Stimson had been hoping that the original cost estimates of
50p per tube could have been reduced to 15p by: loading the
furnace more efficiently, reducing the processing time and,
ultimately by designing a furnace to suit high quantity pro-
duction of this product. Unfortunately none of these have
been put to the test due to the battery manufacturer depart-
ing from- the carbon tube because of unpredictable variation

in the end product and lack of time to develop the materials

and processese.

A7.4 Supplement

A supplement has been included to try and tie up a few loosse

ends and give some further information that could not be

included under the previous headings.
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The development, or otherwise of the applications mentioned
above haye tendecﬁtqpe in the unsuccessful areas. This is due
mainly to the simple fact that there has been no other DTO=-
duct success to rival the Concorde brake programme. To
complete the list of applications that ERA suggested, a
little will be mentioned about diecasting dies. The ref-
ractory alloy steels used for dies have low heat conductiv-
ity and are subject to 'heat checking' after a few thousand
shots, with the result that there is a network of tiny fins
on the surface of the casting. With carbon/carbon's super-
ior thermal conductivity and resistance to thermal shock, it
was hoped that the material might be investigated for use as
dies. GKN - one of the main diecasters in the UK - were
prepared to investigate new or improved materials for such
uses. However, when Stimson and Smith followed it up with
them, they found another firm was well established in devel=-
oping an unreinforced carbon die. And it appeared that
Dunlop's costs would be at least ten times as much as this

other firms. As a result the idea was taken no further.

So far, this history has not mentioned Dunlop's efforts to
capitalise on their expertise with energy absorption devices
- brakes. That is, apart from their efforts to interest
other aircraft manufacturers with carbon/carbon brakes.
There are other areas where vehicles with high kinetic ener-
gies have to be stopped - railway vehicles for instance.
Dunlop was not slow in recognising this, and British Rail
could see advantages for vehicles such as their High Speed
Train. Although much design and development - including
prototype manufacture and testing - has besen done over the
past four or five years, a viable product has yet to be

D S R |
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An indication of Dunlop's pricing technique for developing
these new products should alsc be given. It appears to be
of a very simplistic nature, in as much that all too often

a product will be priced on a direct comparison with a
Concorde brake disc. For example, if a tube is to be made,
a gquick calculation will show how much furnace area that
will take up in place of a brake disc. The cost of the
tube will be pro-rata to the brake disc, regardless of uwhe-
ther the processing conditions should be the same or not.
The overheads associated with making aircraft brakes to
exceptionally high standards are far in excess to those that
say a product for a general engineering firm might involve.
This may indeed be an over simplified view but no one has
seen fit to make the author - or many in the Advanced
Materials Lab - any the wiser. If this is the case, it is
not surprising that many a promising product has fallen by

the wayside.

An area of development which has taken place that was not
suggested with any great enthusiasm by ERA is in the nuclear
field. The contacts made here initially by Weaver follow-
ed - a Carbon Conference in 1972, Mr. F. Ridealgh later
rang John Weaver about the possibility of investigating
carbon/carbon at the High Temperature Reactor (HTR) - Dragon
- in Dorset. The initial suggestion was for carbon/carbon

to be used as a high temperature insulating material¥, Gas

% There is considerable variation in the thermal conductivity
characteristics of a composite made from cloth. There can

be greater than a 20 fold difference between parallel to ply

directions - the factor can be reduced to a factor of 4 to
1 or lower if necessary; see also page 398.
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ducts - carrying helium - of one metre diameter were talked
of, stretching over lengths of 3 km. The only work ever
done on this was to prove the feasibility of wrapping a car-
ban cloth into a tube about 24 cm dia and infiltrating this.
There would obviously have been problems when bends and junc-

tions were encountered, but the idea never reached that

stage - Stan Beasley (Chief Engineer) was not prepared to
back it.
Contact continued however with Dragon - remember it was they

who instigated the heart valve - and some sample pieces of
carbon/carbon were planned for irradiation studies. Unfor-
tunately, before these could be placed.in the reactor core,
the Dragon Project was run doun by March of 1976, when the
British Government pulled out of the programme. The team
that had been responsible for the high temperature materials
programme was salvaged to some extent and regrouped under

Dr. Graham at Flight Refuelling's establishment at Wimbourne,

Dorset. They were being financed as an international organ-
isation by American and German concerns. But no further
work has been done by them with Dunlop's carbon/carbon - and

they intimated (23) in May of 1976 that other establishments,
such as at Harwell and Risley had also ceased the carbon

fibre programmes. Such a closure was unfortunate for Dunlop,
for there were long term hopes (by the Dragon people) for
developing seals, bearings, and even turbine blades and discs
with carbon/carbon. No real contact has been had with any
nuclear establishments - for developing carbon/carbon pro-
ducts - between early 1976 and April 18978, However, follouw-

ing recent publications (12), the authors' father - a member
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of the Nuclear Inspectorate - passed a copy of the article.
in The Engineer around his colleagues. As a result, it

was suggested that further copies should be sent to the
Secretary of State for Energy (Mr. A. lWedgewood Benn), Head
of the CEGB (Mr, E. Pugh), Head of the South of Scotland
Electricity Board (Mr. D. R. Berridge) and to the Chairman

of the British Nuclear Engineering Society (Mr. P. M. Wolff).
The letter to Benn has led to talks being opened uifh the
Materials Development Division at AERE Harwell. So develop-
ments in the nuclear field may once again get underway for

carbon/carbon.

This history can not be concluded until mention is made of
the great efforts that Dunlop have made to ensure the success
of the Concorde brake programme. Many production problems
have arisen over the years and these have all been put right
as rapidly as possible. It is to Dunlop's credit that they
have a fine aircraft brake for Concorde. But it may be a
result of this tremendous effort that has been expended on
Concorde, that other, smaller projects have not succeeded.
However, to compete with other brake manufacturers like
Goodyear, Dunlop have had to work hard to ensure the manu-
facturing process is giving products of the best quality and
reliability possible. The tremendous effort exerted to
develop one successful brake has to a large extent meant
that other projects have suffered in their development.
Whilst it is commonly recoghised that getting one product

to commercial fruition 1is good product management rather

than developing several projects at the same time - it is
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not so commonly recognised that concentration on one project
can stifle the creativity of the project team. Something
like this happened in the Advanced Materials Laboratory when
hardly any time could be spared to develop material for pro-
ducts other than Concorde. For some of the team this cre-
ated a longing to move on to something new. Ueaver, for
example has moved to a different job within the company,
whilst Smith has left the Company altogether, though not
necessarily for the same reasons. The loss of such experi-
enced men may only cause a hiccup in the development of
carbon/carbon. On the other hand, if no one of similar
calibre can be found to solve the material processing prob-
lems, it could mean Dunlop lose their market leadership with

carbon/carbon.

Finally, it should be pointed out that the structural carbon
brake programme which started out with such a flourish in
1969/1970 has lost much of its initial momentum. By May of
1978 Dunlop will have completed the supply contract for
Concorde brakes - not only as original equipment, for British
Aerospace (formerly BAC) and ARerospatiale, but also the
spares (replacement brake discs) for British Airways and

Air France for the foreseeable future. A projsct which
started out with over a hundred aircraft being planned, has,
unhappily produced only sixteen Concordes - seven of which

are unsold. The fate of Dunlop's carbon/carbon still runs

in hand with the Aviation industry.
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A8 Discussion and Conclusion

This history of Dunlop's experience with carbon/carbon might
on the surface be regarded as just one innovation. In

fact there are three separate innovations rolling together
into one. If one was to judge the overall innovation to-
date, it might be accepted by all, that success or otheruise
has yet to be proved. But then carbon/carbon is still a
relative baby in terms of its life, and is really only just
at the start of the innovation path. Materials like copper
and tin might be regarded as nearing the end of the inno-
vation path - though they are not on their deathbed by any
means. To judge the success or otherwise of Dunlop's eff-
orts with carbon/carbon it is better to look at the three
innovations that have occurred in more detail. First

there is the overiding product innovation with the carbon/
carbon brake. Second there is the process innovation that
has taken place in developing the facility for making carbon/
carbon. And third there is a cluster of product innovations
associated with the development of other uses for carbon/

carbon. These will be discussed in turn.

Aviation Division's business. has, since its conception, been
aircraft and their ancillary eguipment. Wheels and brakes
have played a very important part in this business, and
small product improvements take place regularly. However,
the dawning of not only 53T aircraft but jumbo jets as well,
brought about the realisation that lighter, more efficient
materials would be needed for these future 'planes. This

meant the introduction of materials with better strength to
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weight ratios into the airframes and engines. It was

hardly likely that steel brakes would be ignored in the

guest for lighter, high performance aircraft. Fortunately,
Bayly (Director of Aviation Division) recognised this fairly
early on, and, he it vas who started and directed the search
for this lighter, more efficient brake material. And a
thorough search it was too. As can be seen, a considerable
effort went into the beryllium brake development - to the
extent that it was fully type tested for Concorde. To

reach that stage and then start another investigation into
another, unheard of material is quite remarkable. The

doubts over beryllium's safety because of its toxicity must
have far outueighed the efficiency of the brake. The inves-
tigation into carbon/carbon itself was very thorough, look-
ing as it did at both methods of manufacture - the resin

route and CUD route - getting samples from American manu-
facturers and testing them for their suitability in brakes.
One person was put in charge of this search - Mr. Ian Stimson.
Through his efforts, the most efficient brake material
available was found for Dunlop. And he did that, not by
sitting behind his desk, but by going out into the world to
find out whether new technologies were being developed, hou
and by who. He might have remained at home and got the
Dunlop Research Centre to investigate the possibilities but
instead he looked outside to see what the rest of the world
had to offere. As it was Stimson who sifted all the infor-
mation about new materials coming into and out of Dunlop -
so it was that Bayly backed his efforts. Probably not

because of his faith in carbon/carbon but rather in his




conviction that Concorde uvas going to be a success and'Dunlob
was going to be a part of it. This alone meant Dunlop must

have the best brake available to win the contract for Concorde.

In developing new brakes, such as beryllium or carbon/carbon
there is nothing neu in the braking concept. It is still
rotors and stators (both acting as friction surfaces) rub-
bing against one another, converting kinetic energy into
thermal energy - just like a more conventional sintered steel
brake. Even with the sintered steel brakes, developments
take place - the friction and heat dissipation characteris-
tics are improved by adding new additives to the mix before
sintering. Though important, such incremental innovations
rarely bring home the big rewards. The philosophy behind
the change to a superior material is hardly radical - the
same braking principle is being used - but there are some
who would surely say that the change to an unknouwn, untried,
advanced tachnology material is indeed radical. It was for
Dunlop - the stakes were high, and the rewards hopefully

would be just as great.

In developing a new advanced brake - beryllium or carbon/
carbon - Dunlop were careful to ensure the product was what

the customer wanted. This is easy to say because all

equipment manufacturers are handed an ACS but it does go

further than just meeting the specification. It meant

meeting the customer (BAC/Aerospatiale), showing them the

technology, demonstrating the product - both on simulators

and aircraft - convincing them you have not only the knouw-

how but also the organisation with the capability of meeting
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all your claims. In short, you must be able to demonstrate

the whole wheel, tyre and brake technology if you are to

succeed. Dunlop did; and they eventually won the Concorde

contract. On that score they have had a successful product
innovation - or have they? It could be argued that Dunlop
misread the market as badly as the Concorde manufacturers.
If there had been a hundred SST's Dunlop would have been
very wealthy. But supplies for sixteen aircraft falls far
short of the hoped for success. However, if they win con-
tracts for some large military or civil projects in the near
future, all could change again. Maybe it is too early to
judge the overall’success of the carbon/carbon brake. As

a technical achievement it is a success - but as a business

venture? - the answer to that is not so clear cut.

Moving on to the next aspect of this history, let us con-
sider the process innovation that took place. Super Temp
must take the greatest praise for developing the basic CVD
technology for commercial carbon/carbon projects. But
Dunlop too have played their part in developing and improv-
ing the process to give a better, more consistent material
for brake discs. Improved lay-up and jigging fixtures,

refining the processing variables, improving machining tech-

niques and developing anti-oxidation treatments are all areas

that Dunlop has helped in for getting better structural car-

bons. Smith, Fisher and Weaver, as well as the Research

Centre staff, have all played important parts in not only

getting the process vorking, but getting satisfactory mater-

ial out of the works door at the end of the day. The




implementation of the CUD process was a successful process
innovation - led by three technologically minded men, -all .
metallurgists. Weaver stands out most, as the one who

pioneered new ways to improve the process, and end material,

with his detailed knowledge of fibre reinforced composites.

This new, advanced technology was accepted within the company
quite readily, and does show just how guickly neuw technolo-
gies can be adopted. Dunlop did not even knouw of carbon/
carbon before 1969 - but by 1973 they had committed them-
selves to a new technology - and by 1975, were successfully
making brake discs themselves. It took them just five
years to learn of carbon/carbon, educate themselves in its
neculiarities of manufacture and finally complete success-
ful composite items. In doing so the development team
contrasts sharply with other manufacturers - Dunlop have
never had more than a dozen working on the material, a com-
paratively small team. That Dunlop should have won the
contract for Concorde brakes from Goodyear surely speaks

volumes for their material.

1f we move onto the final area of the innovation - new pro-
ducts for carbon/carbon outside the aerospace industry, we
see Dunlop have not been so successful. This must, in all

honesty, stem from their lack of experience in marketing.

The whole of Aviation Division is geared to selling products
to the airframe/aeroengine industries. To fulfil this

function, there is a sales department with representatives

that travel the world. such a set up, keeps them in touch

with all their customers’ developments, but does not help
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in finding new markets, That is not to say there are not
'sales drives' for there are, and quite regularly, but the
company has never felt the need to look at the whole market-

ing concept for the aircraft industry. Had there been a

department responsible for marketing, not selling, there may

have been a chance they could have helped with developing

outlets for carbon/carbon, other than brakes. The system,

as it is, works satisfactorily for the aerospace industry,

though one might be tempted to ask "for how mcuh longer?" "
Perhaps as a result of the lack of marketing expertise,

Aviation Division turned to an outside organisation more able

to investigate the potential for ;arbon/carbon. Outside

help is never to be sneered at if that helper is more expert

than yourself, be it for technical, financial or marketing
matters. ERA provided the necessary marketing research and
presented Dunlop with some challenging areas to enter. If

as has been suggested, it was done purely as an insurance

exercise against the carbon hrake programme failing, one can
understand why none of the suggested product areas have suc-
ceeded. There are other reasons of course, but a hajor

factor must surely be that the management of Aviation Divis-

ion believes - quite rightly - that it is in the business of
supplying aircraft equipment. This did tend to leave one
with the feeling that management believed all carbon/carbon
uld be disc shaped with a hole in the middle:

products sho

"if it's not a brake, we don't want to knouw", could sum up

the attitude. such an attitude did unfortunately prevail,

even though it was stated policy that carbon/carbon would be

diversified into any visble product. It was publicly stated




that any application would be considered, but in reality

non aviation type products found it very difficult to get

off the ground. The ideas from the medical field were a

good example of this.

Another problem area, that has not been made clear in the
actual history was one of communication. The problem uwas
in two areas - one of communication between departments at
the same level - and the other was communication down the
line of command. The first type can be illustrated by the
communication barrier that existed between the design people
and the people from the laboratory. The laboratory tested
carbon/carbon to investigate its properties, and the design
people rejected the figures quoted for say strength - and
would not design products according to the laboratory's
strength figures. Such a problem was understandable when
one realised that the design specification had to be altered
(lowered) because too many products were going through only
on concession. Instead of resolving such matters a person-
ality clash betuween the various people evolved prohibiting
further discussion - and both departments worked on their
own data. The other communication problem arose because of
Aviation Division's horizontal type of management structure.

One representative would inform the lower rank and another

representative would inform the next rank and so on down to

the bottom. By-passing this lot from the bottom to the

top could be very tortuous. However, it did help to explain

why such products as the heart valve only got the go ahead

for a feasibility study nearly twelve months after the

initial contact was made.



The search for new products foridalnel material tisins tean

easy task. Ideally the material manufacturer wants to

develop products where there is a need. He first has to
push out information about the material, before anyone can
come back saying "my product needs your sort of material,
can we try it?" This was one of the main reasons for giv-
ing publicity to carbon/carbon during early 1978. It is
doubtful whether any new products will accrue to Dunlop
immediately. It is more likely the information will be
stored away (hopefully not forgotten) until a problem needs

solving.

This has been the hope, that customers will come to Dunlop
with the aim of carbon/carbon providing a possible solution
to their material selection problem. Far better, it should
be that way round, rather than Dunlop pushing their ideas

out into the world with no real need to fulfil. To some
extent this has already happened, uwith some customers invest-
igating carbon/carbon for a particular product idea. And
this raises the next dilemma for Dunlop - should they be

raw material producers OT finished product manufacturers.

Management's view is that they would rather make a complete

product than just supply the material. But here-in lies

the dichotomy. Aviation Division has the expertise for

handling products in the aviation and military sectors of

industry but not for other areas such as the medical or

nuclear fields. ps a result the company is prepared to

look at any product idea and try to make it unaware of the

engineering and distribution problems. All this points to
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a lack of project management: all product ideas are con-

sidered - not by a project management team - but by the

Advanced Materials Laboratory, And these people are metal-

lurgists, not engineers. They have the knowledge for under-
standing the material problems and associated environmental
problems but not the detailed understanding of engineering
problems. It is suggested that a better approach toc a neu
product selection would be achieved if there were an inter-
disciplinary team, possibly in the form of a neu venture
group to handle such things. Coupled with the lack of a

pro ject management team is the lack of resources (both man=-
power and money) to do justice to even feasibility studies.
Too often it is a guestion of supplying material to a poten-
tial customer 'under the counter'. This is alright when

the product ideas has only just arisen (that is, a customer
telephones in with a possible application for the material).
By all means send a block of material for an initial apprai-
sal by the customer, but as the product idea progresses to

a feasibility study, it must be put on a more formal footing.
This has not really happened at Dunlop, not with every pro-

duct idea anyway, e.q. seals, heart valve, etc. Essentially

this means the company is bad at exploiting product ideas,

once they have been generated. And this in turn could be

construed that the company suffers from the NIH (not inven-

ted here) factor, or moTe aptly, not interested. As far as

aviation products are concerned this is not true - the car-

bon/carbon brake and CVD facility would never have come about

otheruwise. But as far as other products go, there is a

tendency to be not interested.




The final nail in the coffin for some of the product ideas

is the variability in the product performance. Even the

brake discs suffered some variability, but so important uwere

they that sufficient effort was put in to minimise the prob-

lem, if not remove it altogether. This has not happened

for products such as the battery tubes and seals, and con-
sequently they have never reached fruition. It could be
argued that they would suffer an inherent variability no
matter how much time and effort was expended to put it right.
But that is just the point, not enough effort has been put

in to find out one way or the other.

To conclude then, the introduction of the CVD facility has
been an ungualified success as a process innovation; the
technical achievement with carbon/carbon brakes is a suc-
cess in its own right and may even become a successful
product innovation given time for winning further orders
but the various product innovations attempted outside the
aviation industry have to date been a failure. The search
for new product ideas may TeVerse this failure if the com-
munication problems, lack of marketing and project manage-
NIH problems and product variability

ment experience,

problems can be OVETCOMEe.
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APPENDIX B
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The problem
stem from the fact that its hi

Much of the inf

rences as many of the individuals concerned with the develop-

s involved 1in finding the history of polyethylene
story started in the 1930's.

ormation gained was therefore taken from refe-
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ment had either retired or died.

However, case histories

on polyethylene - dealing with the technical aspects of the
innovation - have been previously written: by Allen and
Jewkes for example. Various research associations and
Journals concerned with polymers were contacted in the hope

of pinpointing the person(s) who were closely involved with

the materials development.

To discover the organisations involved with the early devel-
opments, various research associations and journals concerned
with polymers were contacted, see tables B(i) and B(ii).
Most of the contacts suggested ICI and the British Plastics
Federation. ICI proved the most helpful, whilst at British
Plastics Federation no one appeared able to help when con-
tact was eventually established. Whilst at ICI, previously
unpublished company records were made available, which have
been a great help. In the course of building up background
information for the case, several 'red herring' references
were suggested, for example:
Raine, H.C. (1961) tTechnical Developments in Olefine
Polymers'. Plastics Progress.
Bausback, G.H. (1961) 'High Density Polythene in Europe',
Plastics Progresse.
Woodcock W.A. (1961) 'Worldwide Commercial Aspects of
low Density Polythene', Plastics
Progresse.
As the story behind polyethylene evolved, the part the early
users played became more obvious. 1t has proved nearly
impossible to find out detailed information about Metropol-

itan Vickers or TC & M Ltd. even though their parent
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Table B(i)

s —————

MATERIAL SOURCE INDICATOR
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TABLE B(ii)

INFORMATION SQURCES FOR POLYETHYLENE

Contact

Comments

ALPLR.A,

DFFe;ed the‘seruices of their library but did not recommend
any industrial organisations to talk to.

Recommended several
references: '"Plastics in the service of Man' by

Cousens and Yardley.

¢ 'Rigid X, High Density Polythene’
B8P Chemical Technical Manual 22.

¢ Transactions of Institute of Rubber
Industry, 1960 by M. Jones.

Also suggested contacting: Rubber and Plastics Institute

: British Plastics Federation

Rubper and Plastics
Institute
(Mr. Walford-Coleman)

Recommended contacting: Rubber and Plastics Industries

Training Board

: British Plastics Federation

Fulmer Research
Institute
{(Mr. Turner)

Suggested contacting: Phillips Petroleum or B8P for high

density polythene
: Shell for the Ziegler process

: ICI Plastics Oiv. - publicity people

’

tFirst 100 years of Plastics' by
M. Kaufman.

Recommended reference:

British Polymer
Journal
{(Mr. Leonard)

Suggoested contacting Professor Haward =2t Birmingham
University wha was involved with the Ziegler process in
the early days.

European Plastics Neus
{(Mr. Telbott)

Suggested ICI.

Professor Hayward
Birmingham University

'‘Discovery of Polythene! by R.0. Gibson
Royal Institute of Chemistry Proceedings

Recommended reference:

Suggested it might be possible to trace Gibson through ICI.

ICI
(Mr. White,
Marketing Services)

Recommended two
references: 'Polythene' by Renfrew and Margan,

published by Iliffe.

: 'ICI - A History' by W. J. Reader.
that the company secretary for Plastics

Also suggested .
be able to help with early history.

Division might

ICI
(Mr. Dickinston,
Div. Secretary.

Mr. Dickinson suggested that the licensing manager might help.
Mr. Lowe (Licensing Manager) found some historical reports in
the archives and made them freely available. He also tried
(unsuccessfully) to trace some of the persons involved with

the early developments.

BICC Research and
Engineering Ltd.
(Mr. Slaughter)

As the history progressed it became apparent that further
information was needed about the users of polyethylene.
Fventually tracked down to Mr. Slaughter, having ccn?acted
BICC Head Office and Telecon Plastics Ltd. He provided
further background information on TC & M Ltd.

GEC Switchgear
(mr. Dauson)

After contacting Marconi Radar Systems and AEI Cables,
eventually established cantact with Mr. Dawson for
information on Metropolitan Vickers.




organisations were identified - GEC Suitchgear and BICC

Research and Engineering respectively. Identifying the

best person to talk to in these organisations proved to be

very difficult.

B Introduction

Case histories of the invention of polyethylene as well as
the innovation are fairly well documented (1, 2, 3) but none
deal with the search for neu uses in any great depth. Much
has also been written by ICI about polyethylene (4-12) and
maybe a brief introduction to the case would be to describe

the events preceeding the discovery.

During the summer of 1930, senior staff members of the Alkali
Division* of ICI at Winnington considered the prospects of
a long term research programme for their own laboratory and

other research interests of ICI.

One of the projects selected was the effects of the high
pressures on chemical reactions put forward by two young
students, J. C. Swallow and M. W. Perrin, and this was put

to the local Beard in January 1832.

The proposals were accepted and work started on the reaction
of organic chemicals at high pressures. Some of the first
reactions were with carbon monoxide on ethylene which gave a
polymer of acrolein and not acrolein itself. Many other

liquid phase and gas phase reactions were done and amongst

% This unit is now part of the Mond Division.




them uas the reaction of ethylené?éﬁd;benzaldehyde suggested

by Professor (Sir) Robert Robinson, a consultant of the
Dyestuffs Division later President of the Royal Society.
It was hoped to obtain proprial phenone but this did not
occur - a leak developed in the equipment, and the steel
gas inlet tube was coated with a thin waxy solid. This
reaction took place between 24th and 27th March 1933. The
reaction uas repeated several times and in July 1933, the
white waxy solid was eventually identified as a polymer of
ethylene - but after several explosions when repeating the
experiment with ethylene alone, it was decided to halt the

programme until better equipment was available.

When the results of the high-pressure work were re-viewed

in 1935 it was decided to continue the study of the poly-
merization of ethylene. DOuring December 1935, the experiment
was carried out first unofficially by Perrin and

W. R. D. Manning (Research Engineer) and then officially

by E.G. Williams, J.G. Faton and F. Bebington when about

8 gms. of the polymer were obtained. There had again been

a 'fortunate' leak in the apparatus, allowing just the

right amount of oxygen in for the polymerization. The
polymer was now recognised as something new and exciting

and this prompted some more detailed work to be done. By
January 1936 some properties of the polymer had been
evaluated and by April the first British patent specification
was filed under the brand name Alketh (later changed to
Alkathene). British patent 471,590 was granted to ICI on

6th September 1937 and it was not long before other patents




followed in this country and the USA.

B.2 Development and Innovation of Polyethylene

The innovation of polyethylene has a long and interesting
history but before describing it, it is probably worth
noting what Perrin had to say about the discovery some
years later:

"Since a chance discovery may, and probably will lie
outside the field of immediate interest to twse who
make it, rapid and effective recognition is more
likely if the research man concerned has as wide a
knowledge as possible of science and its application
in industry. The contribution of the specialist is
certainly needed and this, again, also serves to
emphasise the importance of collaboration in, and
appreciation of, the work of others in widely different

fields of academic and applied research.”" (4)

This collaboration was certainly tried by ICI, whether
it was successful and as rapid as was hoped is open to
debate - the idea is sound, its just not certain how sound

the application was, particularly before the Second World:

War.

During 1936 and 1937, three immediate tasks were set:

- Produce sufficient material, so that a more widely based
evaluation of its properties could be made. This was done,
firstly by increasing the reactor size from about 80 ml to
750 ml to produce material on a pound scale and then, from

750 ml to 9 litres early in 1937. A plant to make 50 tons

of ethylene per year was also built at this time.



- Improve equipment to compress ethylene to the requiredv

pressures. This unit became available in early 1937 -

it was designed by Professor A. Michels, a Dutch scientist

who had long been acguainted with ICI.

- As the scale increased, it became imperative to learn
how to control the polymerization and dissipate the heat
generated by the reaction. This led in March 1938 to a
small experimental plant being built on the site, capable
of continuous operation - and by the end of that year

1 ton of polyethylene had been produced. §

Simultaneously to these developments, attempts were made

to find uses for the material:

1. All the divisions within ICI who might be interested
in the polymer were visited, and samples left with as
many as possible. In fact, during August 1936, a small
sample (3/4 oz) was sent to the Dyestuffs Group by
W. H. H. Demuth (Development Director). There,
vB. J. Habgood of the Rubber Laboratory saw it - he had
recently joined Dyestuffs Group from Telegraph,
Construction and Maintenance Ltd.(TC&M). It was he
who pointed out the similarities betueen it and gutta
percha¥* which at that time was the best known low-loss
insulator for submarine cables - he requested a further

1/2 cwt for further evaluation. The importance of this

will be seen a little later.

* Gutta percha had been used as a cable insulant since.1856.
With the advent of higher transmitting frequencies there
was a need in the cable industry for a materla% Ulth.a
lower electrical power loss. As 1f a further incentive
for change was needed, gutta pe?cha was a jungle product
and therefore, subject to erratic supply.
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S.

A detailed investigation of the electrical propertiés
was carried out by the Research Department of Metropol-

itan - Vickers Ltd. on the understanding ‘that the results

would be freely available to anyone interested.

It was decided in June 1937 at a marketing meeting held
with WU. F. Lutyens, chairman of Alkali Group that devel-
opment of uses should be split between various divisions
- moulding uses by Mouldrite Ltd.*, textile uses by
Dyestuffs Group and electrical and other unspecified
uses by the Alkali Group. A circular note to this
effect was sent to all ICI Sales Offices on the 23rd

December, 1937.

Sales representatives were mentioning the polymer to

their customers and:
"Already by September 1937, a Mouldrite representative
(at a meeting concerned mainly with Perspex) was dis-
cussing with the Air Ministry the possible use of
polythene for de-icing, due to its chemical and elec-
trical properties at low temperatures, and by December
vere working with Explosives Group on extrusion of

polythene.," (11 part 2, page 94).

In November 1937, the Cable Makers' Association (CMA)

was supplied with all the information then available

about polyethylene.

¥ Mouldrite Ltde.

later became Plastics Division.




ICI had good relations with the CMA and they were

therefore one of the first contacts. A small technical

committee was formed, "which reported favourably on the
electrical possibilities of polythene", and at CMA's
request "ICI agreed to refrain from approaching other
cable makers for a limited period and to give CMA a

slight price advantage". (11 part 2, page 94).

At about the same time, (November 1937), the Sales
Committee fixed the price of polyethylene at 15 shillings
(75p) per pound for powder and crepe form polymer and

£2 per pound for thin silk or thread. The high price
was fixed to prevent too keen an interest in the mater-
ial at this time - and in fact from the very start
polyethylene has been“priced? even sample material to
potential customers, and between Groups was charged.

Mr. Preston and Mr. J. L. S. Steel (commercial director
of Alkali Group) were appointed the responsibility for

development sales of the product at this same meeting.

It was not until late 1937, parly 1938 that polyethylene
was taken seriously as & substitute for gutta percha -
previously it had heen thought of only in its waxy phase,
as indicated by Swallouw: "This is a new point of vieu,
since it has been our habit to regard polythene as a

very superior paraffin vax." (11 part 2, page 98).

Because of the technical agreement between ICI and

Du Pont¥*, Alkali Group were in constant touch about

‘ polyethylene's evaluation and it was due to the uwishes

% 1CI/Du Pont technical agreement dated back to 1929.




of Du Pont that polyethylene publicity was delayed. i

March 1938, Swallow urote to A. E. Hodgkin (chairman of
Mouldrite Ltd.)

"In deference to the wishes of Du Pont Company who,

in their ouwn words 'uish to nurse this product as care-
fully as if it had been a Du Pont development' we

agreed not to make any formal publications in the liter-
ature on polythene, a course which is contrary to that
originally intended by the Alkali Group, whose aim was
publication of this sort in order to prevent the taking
out of a large nubmer of user patents by third parties".

(11 part 2, page 98).

Du Pont acted very cautiously over the development of
polyethylene and it would appear that they wished to
keep the developments within the organisations at that
time - though they did say that outside contacts would
be necessary for electrical uses. They had investi-
gated film but "thought (it would be) too soft for wrap-
ping foil", and coated paper of which they said "attrac-

tive hightly water repellant creaseproof papers have

been prepared". (11, part 2, page 98).

Another development took place in March 1938 when Caress

and Renfreu visited Metals Group at Witton to discuss

polyethylene’s use in cartridge cases - it was decided

to continue the research work on these.

Then in April 1938 the Research Department reported on

the comparative properties of Diakon, Polyethylene,

Formwar and Mipolame




1t was at this time that Alkalj Gfdﬁp deCldéd againét allgu-‘
ing polyethylene patents being used as4a basis for some of tﬁe
new resins prepared by I. G. Farbenindustrie in Germany -
this proved most fortuitous in later years during the Second

World War when Germany was uwithout polyethylene and hence

lacked a very important material.

several developments took place in May 1938 and throughout
the summer of that year. Firstly, Batten reported favourably
on the injection moulding of polyethylene and advised Alkali

Group to file patent applications.

Secondly, when the Commercial Committee met on the 18th May,
1938 they appointed Swallow to be in charge of the develop-

ment of polyethylene with Steel instead of Preston.

Thirdly, whilst CMA were investigating the uses of polyethy-
lene in electric cables (except submarine cables) Telegraph
Construction and Maintenance Co. Ltd. (TC & M) became inter-
ested, quite by chance. This occurred when J. N. Dean
"learnt of polythene (by reading tée report of Lord McGowan's
speech at the Annual Ceneral Meeting of the company) and
sfter examining a small sample recognised its potential value
for insulating high freguency submarine cables". (11, part 6,

page 200, guoted from 1CI Magazine, September 1854) . Thus

it was, that the chance recognition of polyethylene's cable

possibilities by Habgood back in August 1836 (remember he was

a former TC & M employee) and Dean's realisation of the

ootential in the early summer of 1938 started the submarine

cable application.




TC & M had many years of experience Qiﬁh the problems and
techniques of submarine cable manufacture, and it did not

take long to test the insulating properties of polyethylene

when they received a sample in May 1938, Tests were being

done in conjunction with the Post Office and by September
1938 a polyethylene insulated cable had been leid between the
Isle of Wight and England and so successful was it that an
order for 100 tons was placed with ICI for delivery by the
middle of 1938. This was done despite the fact that there
were some technical problems associated with the extrusion

of polyethylene. The use envisaged was for two submarine
cables between Scotland and Norway - and the order was later
raised to 150 tons for delivery in batches from February 1939

after price guotes from ICI.

The first mention of an order of this magnitude (100 tons)
came on the 6th September, 1938 and ICI realised there was

not the slightest hope of meeting such an order on the present
plant. An extension to the plant (up to 300 tons/year) was
considered but a decisision was delayed until it was known

uhether TC & M would accept or reject the guote of 5/- (25p)

per pound for 150 tons.*

The quote was accepted and with the first order for 100 tons

of polyethylene for the submarine cable industry the decision

was taken to build the first commercial plant. In ICI at

this time "hopes of a good market ran high, as there vas &

strong possibility that a Transatlantic telephone cable would

¥ g5ales Committee agreedto quote 5/- per pound on 21st

November, 1938.




be started uithin five years and with one 1aid, a second com-

petative one would be almost certain, ~If

for this applicatf x
ion polyethylene was decided on, the usage would be 800 tons
per cable". (11 part 2, page 100). This plant was completed
and came into operation in September 1939, prophetically on
the day on which Germany invaded Poland. The plant, built

at Wallerscote used 50 litre vessels - far larger than hither-
to, and severe technical problems were encountered, besides
the problem of supplying ethylene of the required purity.
Technology at that time, had developed in the ICI group for
ammonia synthesis and other high pressure work, but only up

to a few hundred atmospheres - and not up to the two thousand
atmospheres required. Whilst time was given to the engineers
to develop the necessary equipment, a piece of laboratory

apparatus designed by Michels uas scaled up and used, even

though it was condemned by every engineer who ever saw it.

It might be as well to remember the background on which the
decision to build the first commercial plant at Wallerscote

was taken. 1. A. Allen reveals some of the problems in his

-

case study (1).

"While polythene in other physical forms, for example
film and solvent spun fibre, had been made in experi-
mental amounts in 1938, the only firm market appears

to have been the submarine cable industry which could

scarcely be described as one with a large growth poten-

tial Hunter recalls that at the time the estimated

demand was 2,000 tons per year. The technology was

néw in an extreme form as evidenced, the research and




development charges extending oﬁef/a number of years

cannot have been inconsiderable, the costing,‘at Bode iy

was uncertain and the proposed price of five shillings

a pound probably as experimental as the plant and pro-
duct itself, There have been several points in this
narrative at which the work in research and development
might have been justifiably terminated, and yet this

was not done. Seldom can there have been so little
commercial encouragement arising from an estimated
return on the investment or from any of the more or less
sophisticated indices useful in arriving at an invest-
ment decision, but these considerations, if indeed they
were seriously contemplated, were to be summarily removed

by the demands of war."

But returning to the summer of 1938, other developments were

still taking place:

- Several uses for polyethylene were being explored -
bonding of textiles with emulsions, water proofing of

paper, electrical uses other than submarine cables,

.9, CONOENsSEerse.

- A wrangle was developing between ICI and the Cable

Makers Association over the exclusive supply of polye-

thylene wanted by CMA. Remember it was November 1937

that ICI had given CMA the chance to develop electrical

uses exclusively (excepting submarine cables) and not

much had been forthcoming. CMA still wanted a further

six months trial, with no guarantee of a satisfactory




SR

conclusion in January 1939. 1CI could see no way of meet~

ing them - in the end they withdrew their'affér'df_égﬁiﬁﬁflh
ive terms to CMA and started "to negotiate with go ahead
firms outside the ring, notably Telegraph Construction and

Maintenance Company". (11 part 2, page 100).

= Political arguments within ICI uere developing over
who should have responsibility for the develapment of
polyethylene and sales. This continued through tao
December of 1938 when it was suggested that a "Polythene
Development Committee" should be formed "under the
direction of Alkali Group but with members from other
interested groups and from the ICI Development Department'.
Fven this {dea was hotly argued aover, by Lutyens in
particular who said it would be "just another committee
which would not do anything". (11 part 2, page 102).
Regular bialateral meetings with other interested groups

were suggested but the argument appears to have continued

with nothing firm decided on.

- Fears about third party users taking put patents gave

rise in July 1938 to the decision that "to prevent

obstructive patenting, the Plastics Group should publish

their research work on various products at guarterly

intervals”. (11 part 2, page 128) .

Throughout 1939 interest in polyethylene was increasing rapidly,
o much so that in March 1939 ICI tried to restrict third

party users patenting by preparing two booklets = one gensral

¢
;]

to include all knouwn uses of

the other fsecret’s




The 'secret' booklet was to be sent to {hé'ﬁégéfﬁﬁént §Ff,7j"}
Scientific and Industrial Research asvé‘Fdfm;dfﬁsfdtécﬁimm 

against such outside patenting.,

It seems rather strange therefore that whilst they were trying
to restrict outside interest the Sales Committee should im the
same month (March) reduce the experimental price from 15/=
(75p) to 5/< (25p) for 2 cut lots, with higher prices for

smaller orders.

The booklets were never completed satisfactorily due to
firstly, holdups pending a market survey which was authorised
by the Delegate Board in May 1939 « and the survey was

delayed in Juns 1939 hacause of unsatisfactory discussions
with Alkali Group on policy: and secondly when it was
completed, it was found to te completely out of date. So

a compromise was reached and a list of all the possible

uses was prepared and sent to the DSIR on the 16th August

1939.

Early in 1939, Plastics Group were anxious to develap
polyethylene, and put one man almost entirely on
polyethylene - they took provisional patents out on bottle

closures and in March 1939 sent some spocial closures to

Kork=N-Segal., Houever, Kork=N-Seal were not interssted

due to the "smell of polythene, and work was put in hand

to eliminate this if possible". (11 part 2, page 98)
During July of 1939 Alkali Group received an prguiry from

Telegraph Constructions & Maintenance Ltde for betuesn




half a million and one million polyethylene cable

spacers. The enquiry uas passed to Plastics Group at

Billingham and in early August, 1939, agreed to make
them even though they thought "it was umdesirable to
undertake moulding as a normal function". (11 part 2,

page 95). It appears that policy had still not been

agreed on as to whether they were raw material manufacturers

or finished product manufacturerss,

Du Pont were kept very much in the picture throughout the
year and were sent samples of 100 lb in January and

112 1b in February. On the 28th February 1939 a team

of Du Pont experts visited ICI Winnington and tha ICT
engineers werepraised for their work by Mr. Dittmar of

Du Pant. The next month (March), Lord Melchett wrote to
Jasper E. Crane of Du Pont offering polyethylene as a
"major invention" - this was acknowledged on the 4th April,
1939, In June of 19839 Du Pont started to approach other
companies in the USA about polyethylene - the General
Electric Company who were not particularly interested, the
US Rubber Company who Du Pont said were not very promising

and the Bell Telephone Company who were regarded as a

promising contact. They wsre following with interest the

developments in the UK with submarine cables.

Other interest abroad was being developed:

- By the Chemical Export Sales Department who sent

polyethylene information during May 1@3? to their agents

and received enquirises from Belgium, Noruay, Sweden and

sven katuviae



- Information and samples wer 1tO_Eabie§,dB Lymﬁé'f '*
and M. Bommelaer of the Societe Alsacienne de o
Constructions Mecaniques in France aftef‘suggeétéﬁ

co~operation for super tension cables, in July 1939,

- Two Dutch representatives from the Ministry of
War visited Winnington in July 1939 after polyethylens

had been introduced to the Dutch Government by Michels,

By the time the Second World War broke out geighty one
companies had been contacted by Alkali Group and there uere
at least seventeen applications under congideration, This
had been achieved even though arguments about policy bhetwean
the Groups still raged. The possible applications under
discussion when the war broke out included:

Balata belting

Balloon Barrage, treatment of ropes

Battery Boxes

Battery spacers
Bottle closures

Cables - submarine, pOuUer and high
freguency

Candle ingredient

Cartridge cases

Chemical plant protection

Condensers

Golf balls

Metal coating

Petrol tanks for aireraft

printing ink ingredient



Surgical applications wvbandagas,
sleeving
Textiles and paper - impregnation and

coating of

Windolite substitute

B.3 The Effect of the Second World War

The advent of the Second World War effectively changed the
development of polyethylene. No longer was the polyethylens
from Wallerscote destined for submarine cables aloney, for
other important uses had been found - mining cable, and
shortly after flexible high frequency cable for radar
installations., The development of polyethylene in radar
had started a couple of years prior to the war, when
§ir Robert Watson Watt (the inventor of radar) contacted
Metropolitan Vickers. It was on the ?2nd of January, 1937
that he gave Metropolitan Vickers the transmission details
of RDF¥* (1% page 181), and it cannot have taken MU long to
realise that polyethylene (which they were investigating for
ICI at the same time) would fill an ideal need in radar.
Indeed the significance of the development of polyethylene
was not lost on Sir Robert Watson Watts

"The availability of polythene transformed the design,
installation and maintenance of airborne

production,

radar from the almost insoluble to the comfortably

manageable. Polythene combined four most valuahle

properties in & manner then unicués 1t had & high

dielectric strength, it had a very low loss factor

guen at centimetric gavelengths, it could falyly he




described as moisture repelléﬁ

moulded in such a way that it Suﬁpgrted'aﬁfial'rgdg .

dirBCtly on uatertight, Vibratinn prQfJOlntsbackad

up by a surface on which moisture films did not e

conductive. And it permitted the comstruction of

flexible very high freguency cables very convenient

in use. A whole range of aerial and feeder designs
otheruise unattainable was made possible, a whole crop

of intolerable air maintenance problems was removed. And
so polythene played an indispensable part in the long
series of victories in the sir, and the sea and on Jland,
uhich were made possible by radar". (Quoted by J.C. Swallaw
in Polythene ed. A. Renfreu and P. Morgan L1iffe and Sonea,

Londen, 1957, page 7¢)

The output of polyethylene from the Wallerscote plant soon
became inadequate and another plant was built - the process
was not altered they simply increased the scale of things.
The 100 ton plant built at Winnington, largely due to

P, Allan's instance came about because the Ministry of
Aircraft Production had a need for chlorinated polyethylene

as a 'dope' for aircraft canvas. No such use esver developed

but the extra capacity was no doubt welcomed. (12). By

this time though control of the process was sasier and dure

ing 1940 the polymer uwas characterised by the melt flow

index This is a measure of the viscosity and hence the

molecular weight which it is dirsctly related toe

Whilst the applicatimﬁﬁ were being developed, work was atill
pantinuing on characterising polethylene and in 1938 Lo W
Bunn showed that the polymer was not as fully cryetalline as



supposed.  This led‘to<the‘rEalisatipn-théiﬁmé@erialé'yw

with different crystallinity could be made and hence
ials of different densities and other physiaal prnpartiése
A short time after, in 1940, this picture»uas hadiﬁied'uhem
Fox and Martin in England showed by infrared analysis that
methyl groups were present in the polymer. This proved cone
clusively that the chains were branched but in what manner

was not known for several years, In fact the producers of

polyethylene were so fully occupied in supplying the convens
tional type of polymer that it was not until the mid 1960's

that these results were made use of,

Turning back to the effects of the war =~ the submarine
cable having proved successful between the Isle of Wight
and England set the precedent for tuo cables to he laid
across the English Channel after the invasion: nf Europe

for military communications.

Then in 1941 information about polyethylene was given to
the United States via tuo channels - the war reciprocation

agreements between the governments of the two countries, and

also by the technical agreements, which was in existence

between 1CI and Du Pont. Probably the most important of

these two channels was the I1C1/Du Pont link up, and in

November of 1941 a team from Du Pont visited the Winnington

plant. 5iy Harry McGowan of ICI made the offer to

Mr, Walter Carpenter of Du Pont after recognizing the sig-

nal importance of polyethylene to the war efforts The

Du Pant team then went ‘home &t the end of thelr visit with
all the enpineering drawingss specifications and operating
instructions af the Wallerscote and Winnington plante




After seeing the ICI plants Du Pant dad létéfjﬁhé£ §gm§: Q 

year to develop a different kind of plant U%ing a:wﬁﬁﬁfgbgM':nf

process instead of an autoclave - this was largely due ﬁ@

their worries about dissipating large amounts of heat fram

the polymerization reactiaon,

Union Carbide and Carbon Corporation now came into the pice
ture guite independently of ICI and Du Pont. They developed
a dry tube process and by 1943 had built two plants in lest
Virginia with assistance from the US government - these went

into production that same year.

Back at ICI the war period was allowing many technical profbe
lems to be solved such as "What caused voidages in pxtruded
cable coverings” How was the extruded cable best cooled and
how could large mouldings be made which would be undistorted

and unstrained on cooling?™ (7, page 178)

Many of these problems were solved by introducing extrusion
and moulding eguipment into the laboratory and working in
close co-operation with the userse. A plasticizer, polyisoe=

butylene was added to polyethylene to help extrusion and also

improve low temperature flexibility - an anti-oxidant was

alsp needed to help whilst processing because extrusion was

causing cross-linking and increasing the dielectric loss dua

to an oxygen pick upe

Then towards the end of the uals machinery capable of proe

cessing more viscous materials became avialable.,  This

allowed the introductiaon of polymers with greater molecular
weights whieh had batter low temperature flexibility and




solvent embrittlement resistance;f’iThé/tachnleQYIih4tha'i‘7  7’

US plastics industry was more advanced than in the UKrﬁﬁdt'ﬂQw";

they experienced no difficulties in extruding even the higher

molecular weight polymers. One might wonder why the techni=

cal agreement between ICI and Du Pont did not allow this
information to filter back across the Atlantic - there cere

tainly does not appear to be any record of this happening.

B4 Post War Developments

By the end of the war, (1945) the US production was 1,500
tons per annum greater than the UK production. There was
an immediate expansion in production capacity, particularly
by Union Carbide, and polyethylene nouw hecame available Tor
other uses, 1C] realised at this time, that 1f polyethye
lene was to become more than just a speciality product a
cheaper method of production for ethylene must be found.
This would appear to be the first instance of ICI looking
for some economies of scale for polyethylene, It was not
until 1951 that a plant for eracking naptha was completed «
this gave a cheap and abundant supply of ethylene to the

Wilton works of ICI in particular,

The companies in the USA stole an immediate lead aver ICI

at the end of the war for several reasonsi

¥ they were more consumar orisnted, with a large hame

markets

¥ there was & more favourable, competative eeonomie

climats than in Europée.



¥ they already had established expertise in ﬁlaatiﬁé;
manufacture which led to developments im'thgwﬁiimﬁéuf?~ 

and injection moulding fields.

However, these factors must be tempered by tuwo Feétures

outside ICI's control:

¥ The cost of sthylene fell sharply « particularly in
the USA.

The US government filed a case against ICI<Du Pont
under the Sherman Anti Trust Act, which resulted in
ICI being obliged to offer licenses to other US come
panies = four companies purchased the complete knowe
how on polyethylene, whilst two others purchased

patent rights, as from 1952,

ICI was also licensing other companies throughout the world
and Europe in particular and as a result production in the
UK and USA doubled and the price fell from 49 cents/1b to
41 cents/lb between 1953 and 1955, This had the effect of

encouraging growth and led to an increase in the research and

development of nlefine polymerization techniquess

Thern in 1956, another submarine cable was laid;, this time

across the Atlantic - the first polyethylene telephone cabla

to link the UK and USA. This concentration on cable devels

opment certainly played a very prominent role in the polyee

thylene story and it was some years later that Swallow salds




W e s . . . : : .
This concentration on one use in the years hefore the -

war was, I believe, correct and it certainly saved a\wH.

great deal of money. During the war the entire Ex;tlgh.whu
and American output was employed in high freguency Uses

so that no problem existed, and after the war it uaa.amﬁ@
lied immediately for uses in the growing field of tele=

vision and commercial radar cables."

The search for new uses for polyethylene continued throughe
out the 1950's, and by 1952 it was becoming apparent that
polyethylene had extensive uses in not only cables but aleo

film/sheet, moulding, pipe, coatings and bottles.

B5 High density polyethylene

It has already been stated that during the war y®ears, the
polyethylene manufacturers were fully occupied in producing
the conventional polymer with a density of D92 g/cc.
However, during the early 1950's three new processes appeared
for making polyethylene - all coming about by chance when
researching into something quite different. The three were
developed by Standard 0il of Indiana in 19581, Phillips
Petroleum in 1953 and the most important by Karl Zieglar

(of Max Planck Institute for Coal Research at Mulheim) in
November 1953. These processes¥ produced & polymer using
low pressure and yielded a higher density material « 094

tﬁj D"QE Q/CCG

pPOCEE Sturdies in
* il f the processes can ke found in
?2§2tiii2ﬁ in tiﬁ steel and Chemical Industriss by

J. A, Allen.



It was not until 1954 that ICI discovered hou to make a high
density polyethylene « up to 0:94 g/ce, by mﬂdiFYiﬂQatha;ngﬁ
process.  This was done to protect their position as invehﬁs\w\‘

tors of the material. The higher density material is stiffer
than the lower density type and hence the wall thickness mﬁ4
many components could be reduced, enabling it to compete very

effectively on a cost basis.

B6 Commentary and discussion

The story of polyethylene, its development and search for
uses has been given for the period between 1930 and fthe mid
19507s, However, as you will have realised the history cone
centrates on the period before the wary for two reasons

(i) the study is concerned with the sarly search that the
company undertook and (ii) the effect of the war must surely
have had an effect on polyethylene development and the study

really wishes to deal with materials sub ject to commercial

Pressures.

B6.1 Search methods used by ICI

After the 'official'! discovery of the polymer of ethylene,
ICI guickly realised thatthey had a potentially important
material and they sought potential uses, whilst improving

nroduction techniques, and ths material's characteristics.

The strategy involved in the sgarch was basically one of an

inter disciplinary approach and they made five specific acte

which made it sod

they involved other 1C] divisions by visits, leaulfig

3

sample material and the knoun technieal details in the

hope that uses weuld be supgeatéds



- they alloued experts in the electrical field Gien

Metropolitan Vickers) to investigate the electrical

properties and to inform anyone interested of the results,

- the development of potential uses was split between the

various divisions,

- sales representatives mentioned the polyethylene devele

opment to the customers they came in contact withe

-~ the Cable Makers' Association were given the opportunity

of developing uses in their field exclusively,

A short time after setting this ssarch process into operation,
1CI informed Du Pont of polyethylene's developments. As has
already been intimated this was due to the technical sgreas

ments then in operation between the two companies.

But if we examine the two early commercial products which
came into being, namely submarine cables and radar cables the

picture of how needs and technology were brought together

will become clearer.

B6.1.1 Submarine cables

It is interesting to see that as sarly as Rugust 1936 a

potential use for polyethylene had been recognised by

Habaood (of Rubber Lab., Dyestuffs Group).  Remember he

had only recently joined 1CI, having come from a cable

manufacturer TC & M Co. Ltde, and, thersfore had prioy

knowledge of the cable industry's needs,  The eimilarity
hetwesn polyethylene and gutta percha was immediately

recognised by Hahgood but the development of polyethylens



as a cable insulant wuas delayed Qn£il tﬁa ﬁuéémtiél was ram@gé
nised in the cable industry itself. Presumably‘Hébgmde$ &
findings were not pushed back to TC & M because ﬁhé Eé@i;\
Makers' Association had been given the chance of davel@piﬁg
uses exclusively in their field. But polyethylens moved very
slowly in the CMA at that time and ICI began to despair of
them during the summer of 1938, A further reason for the
delay in such developments must surely have been because ICI
did not regard polyethylene as a serious substitute for gutta
percha, but were considering uses only in its waxy phase.

This would tend to indicate that even though an inter discle
plinary approach for new uses had been adopted, the decision

makers in the companmy still held to their own disciplines and

were slow to accept neuw ideas.

Fortunately though for ICI, J. N. Dean, owner of TC & M read
of polyethylene in what must be a fairly unusual manner, in
the annual report of ICI. It should be pointed out that
submarine cable manufacturers were seeking better dislectric
materials at this time as higher transmission freguencies came
into being. Developments with K-gutta and Paragutta were

going on but a fundamentally new dielectric was really nesded.

Dean guickly realised it to be a potential substituts mater-
jal for gutta percha as Habgood had done in August 1936,
Onece the material had been gualuated at laboratory scale,
things moved very rapidly indeed and by September 1930 &
test cable had bheen laid fram the Isle of Wight to England
and very guickly proved iteelf. This led to an oydey of

150 tons of ﬁgly@thyl%ﬁa Por delivery during 1938,



B6.1.2 Radar cables

With the establishment of polyethylene i Qam@’yi\mggxg‘mg,"*‘\.*i‘jl“:
really it was inevitable that other cable apblicatimnsiahmgld
come along. But to begin with it was only in those areas
where established dielectrics were failing or a suitable
dielectric was unavailable. The development of radar cables
falls into the second category and evolved rapidly once the

need area had been recognised,

The concept of radar had been known by Sir Robert Watson Watt
(the inventor of radar) and the British Government for some
time (1935) = the development of the hardware was not insti=
gated though until January 1937, It was then that Watson
Watt gave details of RDF¥ to tuo compahise « Matropolitan
Vickers Ltd. and A. C. Cassor Ltd. Metropolitan Vickers
were asked to do some research work on the transmission side.
And according to Watson Watt he chose those two companies
because of his "personal knowledge of the gualities of their

research people and a knouledge of their resources in general'.

Now Metropolitan Vickers had previously been asked to inveae
tigate polyethylends electrical properties by ICI and it did
not take them long to realise that polyethylene could fill
the need for a dislectric dn radar cables, However the
development of such a use BeBmMS to have besn slower than sube

marine cables which had been field tested by September 1030 «

it was not long after this though that radar cables bescame

the major user of polyathylene.

¥ RDF stands for radio direction Finding and was a CEIER I
title given to radar to confuse unwanted oheayrvere.  The
fitls 'Radar’ was adopted during Worvld Way 1T and stands
far, Radio Angle, Diractlion and Ranges




B6.1.3 Lessons to be learnt

It is apparent from both of these early pdiyetﬁylehé'ﬁéé§  \M
that they were fulfilling a need, either because tﬁe pfésaht
material (gutta percha) was failing and hence polyethylene
could be substituted or, as happened with submarine cables;

because there was no other material that would do the job.

The polyethylene development follows the discovery/push type
model, and it is apparent, that ICI had difficulty in actually
identifying the first user. However, it was fortuitous for
them that the first two applications for polyethylene uere

areas where there was a positive needs

In communicating polyethylene developments to the outeide
world it is interesting to note that at the outaset I1CT
selected their audience, i.e. the Cable Makers' Associatioh,
Metropolitan Vickers and knoun customers that sales repre-
sentatives visited. It was not until they removed this
selection process, by communicating through the AGH report
that the first 'meed' application arose. And it is doubte
ful that they realised that the AGM report was a potentially
effective information channel. One should remember though,
that 1CI had wanted to publicise polyethylene to the world

through technical publications but Du Pont stalled them on

thise
Both applications in submarine and radar cables illustrate

just how guickly neu naterials can he adopted into useful

producte. 1 we take submarine cables firet, then we e@6

that TC & M first learnt of polyethylene during the @arly

part of 1938 « and hy November 1938 had gvaluated the




material, performed field triéié/a d Ordé#éd-mvef’ﬁﬂc ﬁéhé

- a matter of six months, The radar cable*adohﬁién wa$ '

not quite so rapid but still very fast for a new méﬁéfiéle
Metropolitan Vickers knew of polyethylene round about tﬁé end
of 1936 beginning of 1937 and uere producing polyethylene
coated radar cables by mid 1939 - approximately eighteen

months between user awareness and adoption.

FG,2. Other search methods used

As has been stated above Du Pont stalled ICI's attempts to
publicise details of polyethylene but by July 1938, ICI had
decided to go ahead. Whether the decision to publicise was
taken with the aim of using it as possible information chans
nel to stimulate new uses, or because of the fear of third
party user patents, is not made clear. However it does rot
alter the fact that various pieces of research work were pub-
licised at three monthly intervals. Unfortunately the rela-

tive success of this as an information channel is unknouwn,

Apart from information about polyethylene being sent to the
USA via Du Pont, European and Scandanavian countries were

told of the developments. This information was sent to ICI's
agents by the Chemical Export Sales Department and in the

case of the Dutch enquiries by Professor Michels (of

Amsterdam University who had dorme a great deal of the garly

research uwork with Alkali Division). As far as is known Ao

new uses were forthcoming from these channelas

1t appears that most of the seventeen possible applications

heing considered hafore the war Were due almost entirely te




the sales representative teaﬁaé/Thggg:gggS rénged Prom

the hlgh tEChnDngy B.0. Chemical Dlamt protectiom’ :

condensers etc. to the louw technology e,g, golf ba;g,;gf,”
bottle closures etc. UWhether any of these uses uggld hévé
been developed as major products is hard to say because the
war affected the polyethylene output so much. It must be
sald though, that the low technology uses of polyethylene
which we all knouw of today uwere to a large extent knoun
then - for example plastic bottles, polyethylene/textile
aprons, polyethylene film. Interestingly encugh the film
uses thought of were nearly all high technology, for
condensers as a dielectric at high frequencies although one
enterprising custaomer bought some sample material to try

to make beer aprons. Discussing such possibilities brings
us on nicely to the policy which ICI sdopted towards

polyethylene.

B6.3, Polyethylene and ICI Policy

The policy regarding the technical aspects of the material
has already been stated in the study = produce sufficient .
material to evaluate its properties, improve manufacturing
equipment and learn to control polymerisation. And the

policy for searching for new uses has been discussed above

in parte.

The points not 80 far covered include pricing strategy, rauw

material producer or finisher product manufacturer and

development.



B6.3.17. Pricing

R R SRS

A price of fifteen shillings (75%p) per pound was im;t;gilywﬁ
set by the Sales Committee in November 1937 and_avaﬁfthm@gﬁ"
this was a high price it appears to have been errived ét inm
an odd fashion. It was not set at 2 "preoduction cost plus”
or even what ICI though they could get for it on the market
but at a price which it was hoped would discourage too keen

an interest.

The Sales Committee decided that this price should be peaid
for all sample material to potential users., No sample
material was given away not even to Du Pont whom they had

a technical agreement with, This may certainly have
encouraged customers to think hard about potential uses when
it was bought but it probably also had the desired effect of

discouraging interest - would that be dane nowadays?

The price did come douwn to five shillings (25p) per pound

on the 6th of September 1938 when ICI guoted TC&M for 150
tons. But whether this was fixed as a realistic price is
dubious: an extension plant of 300 tons per year uas being
planned and could not go ahead until orders for the material
were forthcoming. It was ON the basis of this 150 ton order
that new plant uas planned for commercial productions with

the hopes of new transatlantic cablee using BOO tone per

cable in the offings

As the output increased, the price slowly fell and by 1946,

1CT was selling over 1200 tons per annum and the price was

down to three shilling nine pence (19p) & pound,



BG.3:c2a

teu Mater;alwpfcﬁgpé?ﬁQrCFﬁhiSthv@rhdubf

Manufacturer?

The question of whether a company with 2 new material is
going to be & raw material producer of finished product

manufacturer is often asked. In the case of ICI it appears

they were prepared to look at anything and everything,

As 1t turned out for the submarine and radar cables they
supplied the raw material to fabricetors but had to stimulate
the end product in the process. Indeed throughout the
history ICI have been closely involved with the development
of end products on their own sites « sven if anly to pass

on their technical expertise to fabricators and hence enaure
products did not die premature desths. And in somes instances
they manufactured the finished product, for example cable
spacers were made for TC&M even though moulding was not

regarded as a normal function at Plastics Group at that time.

Throughout the early history ICI endeavoured to patent all
possible applications or publish the details so that no one
else could take out patents. This was clearly illustrated
during 1939 when Plastics Group took out provisional patents
on bottle closures before approaching Kork=N=Seal with the
idea. The development of such a use was delayed though

for two reasons - Kork-N-Seals' objections to the amall

during manufacture and the oncoming war.

B6.3,3, Research & Development

As has been stated the development of uees u#E gplit betuwean

the various divisions, and resesrching the material's

sharactsristics was carried aut by Alkali Growpe IF anything




R : . . . - .
&0 commitment was increased as time went by, across the

spectrum of basic research tg product development,

For instance research was being carried out on cartridge
cases, 1njection moulding, comparing polyethylene with other

plastics, besides investigating the basic structure of the

polymer.

Swallow was one of the men who instigated the initial
ethylene research and it was largely he who followed the
developments through = being put in charge of polyethylene's
commercial development with Steel in May 193B, Houwever, the
development of polyethylene did not follew & smooth passage
and many arguments.arose over who should be responsible and
how it should be organised, It is interesting to see that an
innovation committee or as ICI called it a '"Polythene
Development Committee' was suggested but not taken upe.
Neither were regular bi-lateral meetings between interested
groups = in fact to the outsider it appears to have moved
along in a rather erratic fashion. Not that that appears

to have harmed polyethylene's development - maybe such
political arguments show enthusiasm across a firm for such

projects, but if carried too far one can imagine the whole

thing collapsing.

The development programme continued through the war, probably

even more intensely - but concentrated on specific products

rather than spread across a range. 1t gave ICT a mainstream

sutlet for their material in cables whigh gradually filterved

downstream after the uar into television and commerecial raday



cables. Such an outlet could be regarded as a ”bréad:éﬁd f ?;L
i . o _ : ’,
butter” product, that is, a safe market you kmow you have

whilst developing other product areas.

B6.4. \lWar Effects

One of the most important effects the war had, certainly in
its early years, wass to create & very large home market for
polyethylene. This helped ICI who were only just beginning
to feel their way commercially during the late 30's when
decisions to build larger plants had to be taken. Particularly
relevant was the decision to build a 1000 ton plant at
Winnington in 1940 - to meet a demand for chlorinated
polyethylene as aircraft 'dope'. This was never developed
but its effect gave ICI a large capacity plant, Plants of
that size had never been envisaged two years earlier say im
1938, when the growth rate was thought of in hundreds of tons

rather than thousands.

As has been stated the development programme throughout the
uar concentrated on improvements to cable insulsation and

manufacture, and it is doubtful that a similar effort would

have been exerted in peace time.

Developments after the war are not really relevant to this

study, because by that time polyethylens had becoms accepted
and could no longer really be classed as a new material,
After initial set backs like 8 deflated Europe and Anti

trust acts being filed against ICT and Du Pont polyethylene

Uses grew apd greuwg and today it is [ﬁr@b&ihly f*@gﬁrdﬁd aE onRe

of the most successful material innovationas
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C(ii) Information Sources for 5ilicon Nitride

Much of the early history was gained by scanning through

abstracts - Ceramic Abstracts and British Ceramic Abstracts.

Such references indicated the individuals and companies

involved, and the way in which the innovation developed

technically. These gave & basic understanding to the materialles

innovation.
A cross check with the reference book "Industrial Reseavch

in Britain" showed the ressarch organisations invelved with

¥

gilicon nitride:



Héfuell _

- Fulmer Research Institute

- International Research and Development Co. Ltd.

Companies involved uwith the commercial exploitation of
silicon nitride were found through the abstracts and
confirmed by colleagues at Aston University and Ounlop.

- HAdmirealty [Materials Laboratory

- Associated Engineering Ltd.

- Birmingham Small Arms Ltd.

-~ British Leyland *

« Carborundum Co, Ltd.

A

- Clarke Chapman. = John Thompson Ltd. *
- Doulton Ltd. *
- Joseph Lucas Ltd.

- National Research Development Corporation

- plessey CD. Ltds

- Ransome Hoffman & Pollard Ltd.™*

- Advanced Materials Engineering Ltd.”

The four research organisations mentioned above

and recommendations were made by them as to the best person/

organisation to contact for information regarding the

innovation history, see table C(i). The recommendations

fFrom N. Smith (Chief Metallurgist, Dunlop) came because

of silicon nitride pouders Ard

Dunlop was a major USer

information from He. Child came whilst interviewing him for

information on titanium. 1t wse not previously realised

were contacted,

¥ ANE formed from consortium companies marked ¥,




Table C(i) MATERTAL SOURCE INDICATOR

Material: Silicon Nitride
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H, Child
Aston University
UKAEA
Brit. Cer. Res.
Rssoc,
Fulmer Res. Inst.
int. R & D Co.Ltd.
A.E.D. (Rugby) X x | x| x
A M E (Newcastle) x | x| x x| x| x
Norman Parr - ex AML| x
now with MoD
AML (Poole) x | x
LUCAS X | X
Dr. Riley, »
University of Leeds
DYSON (Sheffield) X
DOULTON (Stoke) X
NRDC X
Prof, Ken Jack, "
Newcastle University \




that he was an ex-BSA man with fésﬁbhéibili

ty for silicon
nitride. Further information about silicen nitride's
innovation was gained from the Admiralty Materials Lab.,

Advanced Materials Engineering and NROC.

C1 Introduction

Although silicon nitride has been known since 1857, this
history deals with its commercial exploitation simce the
mid=1950's. The first patent (US 2,628,B896) was taken out
by Hendrick de W. Erasmus and William D. Forgeng in
February 1953, for the Union Carbide and Carbon Corporstion.
This was for bonded silicon nitride abrasive productes

Apart from this, the first published account was probably
that by Collins and Gerby (1) at the AIME Annual Meeting

in February 1955. The Americans can only just have beaten
the British for starting work on silicon nitride, because
although one of the first published accounts (2) by the
British did not appear until 1959, it is apparent that a
1ot of work had been put in before this. It was the
Admiralty who sponsored this work - initially as a search
for a suitable stator blade material for gas turbines
operating at 12DDDC¢ Silicon nitride was actually material
Aumber 245 in the search carried out by G.F. Martin and
E.W. May. Norman Farr = who is regarded by many as the
father of silicon nitride - realised the importance of their
and homed=in on silicon nitride. He has since led

work,

the developments with the material from his baee at the

Admiralty Materials Laboratory (AML) in Poole*®

¥ AML is now known as the Admiralty Marine Teechnolagy
Establishments



The fortunes of silicon nitride have;?iuéﬁuated'madly over
the years.
race =« some remain, others have fallen by the wayside, but
even when they do, another party seems to appear over the

horizon to pick up the pieces. This history cannot do

justice to the political arguments that must have bedevilled
the material. What it tries to do is follow some of the
milestones and shaw how various British organisatione have
tackled the problem of getting users to adopt this ceramic
as an engineering material. The story, then, begins with
AML; diversifies, as a cluster of companies pick up the
challenge after gaining licences, and converges onto one

or tuo companies who remain in the race, with the aim of
being the first to exploit silicon nitride sucecessfully.

To date, the prize has eluded all,

Co» Silicon Nitride - How You PMake It

To understand the developments that have taken place with
silicon nitride it is as well to knouw how it is made and
what it can do - as indicated by the physical properties

of the material. Ceramics have never been readily accepted
by engineers as engineering material. They are only
interested in them when other conventional materials, such
as metals, reach their physical limits. This was recoghieed
early on by the developers of eilicom nitride, and they trisd

to give engineers a knowledge of the manufacturing methods

and the properties of the material (2,3:455)

Silicon nitride is normally made by heating slemental siliean

in an atmosphere of nitrogen:

Meny companies hzve entered the silicon mitride




L

351 + 2N, == Si,N, at temperatures between 1000 and 1400°C

This method was chosen for the commercial production of
silicon nitride, although another route is available:

SSiCl4 + ANHB““MWSiBN4 + 12HC1 at 1400°C

The reaction between silicon tetrachloride and ammonia has
never been developed for mass production of esilicon nitride,

and in any case, the elements reguired for the first reaction

- silicon and nitrogen - are readily svailable.

If a lump of coarse granular silicon is used, the reaction
is confined to the surface. But if a powder (of 200 mesh or

finer) is used, and the pouwder is compacted so that the

$

angular particles are in multiple-point contact, it is
possible to induce silicon nitride crystals to connect and

build up a coherent structure.

The reaction betueen silicon and nitrogen takes place at
about 1QDDDC, and is a two stage operation. A preliminary
reaction takes place betueen 1200 and 1400°C and gives a
cellular structure of silicon nitride confining the elemental
silicon giving a high temperature rigidity. This partially=

fipred material - known to be in the "hiscuit" state - can be

clamoed for machining to final shape by turning, milling,
drilling, etc. AN slternative, and freguently preferred

method, is to form the biscuit Dby argon-sintering of silicon
g ]

without nitrogen present. The second stage is more vaplid and

takes place at 1400wﬁ500GC, It gives & material which ie

much harder and denser than that in the biscuit etate,

Machining this final material can best he done with prinding

gguipment. The reaction time depends on the slze and




thickness of the ware being fired, buf'it genmerally takes

several days. It is this lengthy firing process that

escalates the cost of the material, making the end

product quite expensive. An early nitriding furnace

developed at AML is shoun in Figure C1 and = simplified

flow sheet for the fabrication of siliconm nitride is illustrated

in Figure C2.

The methods for shaping silicon nitride components have
developed tremendously over the years. HMost of the sarly
methods were taken straight from the ceramice industry =
such as slip-casting for hollow shapes, pressings using
first, closed steel dies, and later, ispstatic (alsn knouwn
as hydrostatic)methods, and tampingi an exception being the
flame-spraying technigue developed by AML in 1958, As the
years have gone by, more sophisticated methods have evolved.
(although many of the origianl processes are still used)
using techniques developed in the metal, plastic and paper-
making industries. for example, extrusion, injection
moulding, foam moulding, band casting and bandage wrapping.
All these methods have a common starting point « silicon

pouder in the "greer' state - though they may vary in the

additives to the mix, plasticisers for instance, may be

added to act as a binders

if

If plasticisers are used; they must be "burnt out U prior

tn the nitriding in a sgparate furnace. Productes made in

silicon nitride in this manner are knouwn as reaction

bonded (RBSN).
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Another method of manufacture is’thé hg£4pressiﬁg teéhniqué;
pioneered in this country almost exclusively by the Joseph
Lucas Group Research Centre and followed on from early work
done by Ueeley, Herbert and FMoore (6) in the late 1950"'s,

= ! o : L . )
early 60%'s. Using this technigue, silicon pouder is reacted

with nitrogen to form silicen nitride pouder. The silicon
nitride powder is then mixed with additives and hot-pressed
(the materiel is known as HPFSN) in graphite dies to the
required shape. This method gives a denser (3¢2 g/cmr3 as
opposed to 1¢B to 27 g/cmg), stronger material than that
produced by the reasction bonded process, lLucas have, over
the years, developed new silicon nitride edditive mixes by

partially substituting aluminium for silicon and oxygen for

nitrogen within the silicon nitride unit cell, to give a

new hreed of materials called "sialons™., The strength af
such materials is comparable with that of hot pressed
silicon nitride but the creep resistance and chemical stability

are superior.

C2.1 FProperties of Silicon Nitride

Bs early as 1958 many of the properties of silicon nitride
vere known (3). Most of the early nublications (2,4,5,7,B8,9)
carried details of the properties of the material as well as
the methods of manufacture, application, design considerations

and so on. They included not pnly the basic physical data,

but clear information regarding its resistance to various

molten metals and chemicalse

The most up-to-date information on the properties of reaction

honded silicon nitride has heen taken from the litervature

supplied by AME (Advanced Materials Enginesring Ltee) and



is shown in figure C3.

To generslise these properties, the

table below indicetes its attributes and deficiencies:

fttributes

- High thermal shock resistance

- Dimensionally stable over uwide temperature range (up to

0

1750°C)

- HPSN mechsanically stronger than most, if not all other
ceramics

- Hard and more resistant to abrasion than most, if not 21l
other ceramics

- Low dry friction

- Non-heat absorbent

- Non=magnetic

- Resists molten metals including aluminium

- Good corrosive resistance (better than other ceramics)

- fasily formed and uworked

- Low shrinkage on processing (less than 0-1%), better than
most, if naot all other ceramics

Deficiencies

Low fracture toughness
- Inferior emissivity to silicon carbide

~ Moderately louw thermal conductivity and low specific heat

(i.e. poor heat absorption)

- May be porous under high pressure canditions (RBSN is

porous under all conditions)

- May be more granular on polished surface than finest

tungsten carbide

- Difficult to get homogenous nitride bond thicknees gresater

than 10 mm, therefore thicknees limited to 20 mm approximately
; g 5

-~ Alkali resistance NO hetter than other CETaEMILCE
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Figure C3 Properties of Silicon Nitride
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C3 Commercial Development of Silicon Nitride in the

United Kingdom

It has already been indicated that the 11linois Carbide
Corporation were among the first to develop silicon nitride
in the USA. UWhilst they were developing small components -
crucibles and boats for crystal growing and zone refining

in the electrical industry, rocket motors, thermo-couple
sheaths and so on - the Admiralty faterials Laboratory were
hoping that silicon nitride would fulfill their expectations
for use in gas turbines, for turbine discs and blades. Their
first work along these lines was with silicon nitride,
stiffened with a fine dispersion of silicon carbide. With
this as the basic material, they went on to investigate
production methods (they patented the flame sprayed reaction
bonded fabrication process in 1958), properties of the
material and carry out field trials. Where they didn't have
the expertise for investigating various sroperties they employed

others more expert than themselves. For instance, the

National Gas Turbine Fstablishment investigated the thermal

shock characteristics of the material for them. Field trials

were also carried out for them where they did not have the

facilities PAMETRADA did some test work with silicon nitride

wafers to simulate bending of stator blades in gas turbines.

The Admiralty Engineering Laboratory ran an experimental

turbine fitted with two silicon nitride guide vanes. Etven

though the rotor blade failed after 250 hours of intermittent

service (when a metal blade cailed), the AML people had faith




that the problems could be overcome 0

The hope was that the

next generation of gas turbines should
= ’

to a large extent,

incorporate silicon nitride. Whilst that may have been

considered as the ultimate use for silicon nitride, they
were not slow in looking at other applications. Electrical
insulators, hioh temperature catalysts, thermocouple sheaths,
supports for heat treatments, furnace chamber linings,

shackles and components for high temperature testing, supports

in high temperature/high pressure water systems and brazing

jigs were all applications being tealked of (2) and developed.
This was in addition to other MoD work being carried out at

AML for combustion test rigs and rockets. All such work,
sponsored by the government, was undertaken by the Metallurgy
division of AML during the late 1950's and led by Norman Parr.

By 1960, it was felt that the material had been proved in

gas turbine applications (7) and it was time for industry to

be brought in to exploit the material commercially. Accordingly,
all patent and licensing rights were handed over to the

National Research Development Corporation. About the same

time, a contract uwas placed with the BSA Group research

centre by AML to help 1in the developments with silicon nitride.

BSA had extensive R & D facilities for investigating the

powder metallurgy aspects with silicon nitride.

C3.1 NRDC license AML's Silicon Nitride Technology

Towards the end of the 1950's it was becoming apparent that

i i int cted in silicon nitride.
several companies Were becoming interest

Besides Union Carbide and the Carborundum Company, both of

in this class of ceramics, other organisations

whom had a history

rested in the material because

such as Pleésey (who were inte



its good isti i
of q Creep resisting properties necessary for gas

bine bl ) - . .
tur ades) and the British Ceramic Research Association

began 1investigating silicon nitride. None though, would

commit themselves to commercial production until the potential

market had been analysed (7)

It was not long, however, before the NRDC started granting

licences to varilous oroanisations. In 1960 there were four

organisations holding licences - BSA, Clarke-Chapman, Doulton
and Hoffmans. BSA, as has been stated, had interests in the
powder metallurgy aspects, Clarke-Chapman were interested
because of the possibilities a high temperature material had
in the nuclear industry, Doultons had a long history of
developing ceramics and Hoffman uwere interested for the

potential in plain rubbing bearings.

Although Union Carbide (8) - who were developing silicon
nitride without an NRDC licence - uere apparently leading
the field in 1961, no great developments took place
throughout the 1960's. The hoped-for breakthrough with gas

turbine stator blades never came about: the engineering

problems raised by its inductility were considered insuperable.

Despite much publicity - mainly by the Americans - silicon

nitride applications appeared to remain in the doldrums.

There was plenty happening on the process front, with

1 i i and novel ways of producing
many organisations patenting newv

silicon nitride (see refs. 10 to 16 for example) but still

no real money-spinner in the form of a product appeared.

Doulton were pushing their'Roydazide" silicon nitride for

thermocouple sheathss special jigs and fixtures for brazing




and welding in the jewellery iﬂdustry, mandrels for heat

treatment equipment and control equipment for the flow of

molten aluminium, Hoffmans, with their “Hofsil" silicon

nitride were having no great luck in the bearing field.

And probably, like the others, B5A were only really

sounding out the market for silicon nitride in areas such as
the light metal foundries for handlong molten aluminium,
heat treatment applications, bearings and seals. They all
had technical literature (brochures detailing properties

and applications) prepared, and 2ll were trying for roughly

the same markets, but getting nowhere fast.

C3.2 AME is formed

Not long after Doultons had held a symposium "The Future of
Silicon Nitride" in London in 1869 - with still no great
success - the NRDC decided to try and bolster up the
exploitation of silicon nitride, and floated the idea of
forming a consortium between the main producers of the material.
By July 1970 the consortium had been formed and a new company

to run the silicon nitride interests was created -~ Advanced

Materials Engineering Ltd. (AME). The consortium comprised

five organisations - Doulton, Clarke Chapman = John Thompson

Ltd., Ransome-Hof fman-Pollard, British Leyland, and the

NROC itself - with a registered capital of £400,000 "to start

commercial production" of silicon nitride. British Leyland

joined the consortium because of their keen interest 1n

gas turbine developments - research with gas turbine cars

at the Rover plant had been going on since the early 1950's.,

For them, silicon nitride offered the chance of being the neuw
3




material for not only stator blades but also in a unigue
form of heat exchanger (see Figure C4), Houever, at the
formation stage, Leyland had only an 11% share in the company,

and no-one was nominated from them for a senior management

post at AME. The senior management team of AME at that time

comprised of: Chairman, Dr. Bard (NRDC); Managing Director,
Dr. Stoddard (Clarke-Chapman); Production, Mr. Lindop (Doulton);

Marketing, Mr. Egenolf (Hoffman); and Development, Mr. Graham

(Clarke-Champan).

The new company had the backing from each parent company;

the technigues and know-houw which each had built up over

the years, including process patents; as well as further
technical backing from Government laboratories, notably the
Admiralty Materials Laboratory and the ceramics research
division at the Atomic Energy Research Establishment, Harwell.
1t is worth noting that since the consortium's conception,
most of the basic research associated with silicon nitride

has been carried out by AML, AERE, Leeds University and the
British Ceramics Research Association, and not by Advanced
Materials Engineering. AME has been used primarily as the
production and sales base for eilicon nitride, and to begin

with, this was based 2t Doulton's site at Stone.

C3.3 BSA Run the Lone Wolf

BSA, believing that they had established a technical lead

over the other NROC 1icencees, decided they could afford to

i ar as silicon nitride was
stay out of any consortium as far

concerned Indeed, at about the time AME was being formed,

854 were studying (3rd July 1970) the results of a market
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survey that . :
y tnat they had Commlssioned. Narketing and Economic

Research Ltd-( 1ER) had been given the task of assessing the

potential market for silicon nitrigde. For BSA were nou

considering the consequences of making investment decisions
should they go for commerciel production of silicon nitride.
The survey (17) was commissioned to:
(i) discover the likely size of the market over the
next 5-10 years or
(ii) discover if BSA could sell £150,000 uworth of
silicon nitride components within two years of
plant commissioned and £500,000 within four or
five years, and
(iii) discover industries and applications likely for
silicon nitride
(iv) discover likely customers to whom BSA would be

selling their regquirements."

Of thirty five possible applications suggested, sixteen were
looked at in detail, and of these seven were ruled out either
for technical or commercial reasons. The most promising
application appeared to be wire-drawing dies. The other

eight applications considered to have '"probable" or "possible"
potential were telemetal pots (for ladling molten metal),
Buhler type molten metal pump, low pressure stalk tubes,

induction furnace tubes, radiant tubes, induction jigs, Wankel

apex seals, and mechanical seals.
In assessing the market for silicon nitride, MER looked at the

image that the material and its suppliers had gained for

itself over the years. The conclusions they came to were not

tests showed promise
very promising. Too often, laboratory ,




but there uere frequent disappointments when it came to

commercial applications. The users of silicon nitride felt

that the suppliers were not convinced of the commercial
potential. A possible symptom of this is shown by the
silicon nitride manufacturers being slow to follow up any
trials that were arranged. Ffurther, the users felt too
little promotion and advertising had been given to the
material. And finally, as has already been indicated, the

NRDC were disappointed at the rate of commercial expldatation

of the material.

Nevertheless BSA regarded the report favourably (18) and
would no doubt have started to push silicon nitride harder.
Unfortunately, the financial position within the company eas
a2 whole was becoming guite tight by then (1971-2). Even

- though new kilns were put in, the silicon nitride side of the
business never got a chance to grou, for in March 1873,

the company collapsed (19). Part of the company (those
parts with motorbike interests) were rescued by the government
in June (20) but the silicon nitride<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>