00000@00:‘3;0000000@0¢000®000000

BIRLA CENTRAL LIBRARY
PILANI [ RajasTHAN ]

Class No. 6 6‘ &
Book Nn.B 2 9 ér M

AccessionNo, 78 &/ &

90090000095 000000909009000000 0S¢

0000000 069 00000000
090060000 00096060600

b &4









MODERN PLASTICS



By the Same Author
MODERN RUBBER CHEMISTRY
MODERN SYNTHETIC RUBBERS



"MODERN PLASTICS

By
IHHARRY BARRON

PH.D., B.3C., F.R.1.C., F.I.R.I., F.P.I.

*

TWO HUNDRED AND SEVENTY-TH O
TLLUSTRATIONS

SECOND EDITION

REVISED

LONDON

CHAPMAN & HALL LTD
37 ESSEX STREET W.C.2

1949



FIRST PUBLISHED 1945
SECOND IMPRESSION 10946
SECOND EDITION REVISED 1949

PRINTED IN GREAT BRITAIN BY JARROLD AND SONS, LTD., NORWICH
CATALOGUE NO. 260/4



TO
MY MOTHER
FOR HER SACRIFICE AND FORETHOUGHT
AND
MY WIFE
FOR HER PATIENCE AND INSPIRATION






PREFACE TO SECOND EDITION

A REASONABLE time has now elapsed since the end of the war to form a
balanced view of the plastics industry. There has been a complete change
over from a war economy to a peace economy. The enormous expansion
of the plastics industry brought about by war conditions has not only
been maintained but has been left far behind. The plastics industry
has now attained the status of a major industry. The innumerable new
outlets which have appeared for plastics have created a tremendous
upsurge in demands. These have been so great that considerable strain
has been imposed on sources of raw materials. Shortages have appeared
in every direction, notably in the case of plasticisers. The supply of coal
products has been inadequate. In many cases coal is the only source of
supply and the shortages have created great difficulties. A consequence
has been the rise of chemical industries based on other materials, notably
petroleum.

As anticipated there have been phenomenal developments in some
fields of plastic application. Polyvinyl chloride and polystyrene have
been outstanding, particularly in the United States. The development
of polystyrene can be directly attributed to the U.S. synthetic rubber
industry. In Great Britain where sources of raw materials have been
very limited, development has been particularly marked in the use of
P.V.C. The use of P.V.C. paste in Great Britain is outstanding.

New fields of activity which have matured during the last few years
include the silicone resins and the so-called contact resins. Still in their
early stages they seem destined for considerable expansion. On the
chemical side there have been some important new developments which
may have considerable repercussions on the future pattern of the plastics
industry. Reppe chemistry, the chemistry of acetylene, has made great
strides, particularly in Germany. Many processes have been developed
for obtaining chemicals for petroleum, one of the most outstanding
being the Catarole process. All these processes, apart from providing
standard plastics, give promise of yielding materials for new types.

In spite of the great difficulties which have been experienced in Great
Britain we have been doing very well. The over-all production of
plastics compares favourably with the U.S. on a population basis.

There have appeared a large number of reports on German industry,
produced by the Combined Intelligence Objectives Sub-Committee,
referred to as C.1.0.8,, and also by the British Intelligence Objectives
Sub-Committee, referred to as B.I.O.S. Whatever their value in other
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industries those dealing with plastics have been extraordinarily good.
Their importance lies not so much in the novelty of the subjects dis-
cussed, but in the minute practical detail such as cannot be found in
any other publications or patent specifications.

So far as the future of the plastics industry is concerned, its continued
prosperity still depends upon the proper uses of the individual materials.
Neglect of this cardinal principle creates great resistance amongst the
consuming public.

HARRY BARRON

SOUTHAMPTON,

1949



PREFACE TO FIRST EDITION

For some time past there has been a great necessity for a book giving
the fundamental background covered by the term “Plastics”. The
subject has expanded at a rapid rate, especially during recent years.
There is a very wide interest, mainly uninformed. The desire for
technical information is very strong.

'This book is an effort to provide an adequate technical background.
It is of the utmost importance to provide an authentic technical back-
ground for the many thousands who are interested. It is a national
necessity that such a work should be available. 1 hope that any reader
with a modest scientific or engineering knowledge will be able to obtain
an over-all view of the industry. He can then follow his own particular
bent in the current literature. I cannot hope to satisfy fully any
specialist. 1 have not written the book for the experts.

An endeavour is made to cover an extremely wide range of materials.
A knowledge of the fundamental background is essential before ven-
turing into new fields.

It may be objected that 1 have omitted certain common materials
such as shellac, bitumens, rubber plastics, etc. This is a deliberate
omission on my part. Since these materials are off the main-stream of
current plastic development, their inclusion would have curtailed the
treatment of the other materials. Also I have not given any considera-
tion to materials such as allyl resins, silicon resins, boron resins, etc.,
although 1 am fully aware of their existence. These materials are just
not available in this country: they are still of academic interest. As my
main intention is to provide information of practical value I do not
consider it worth while at this stage to devote space to these materials.
It is time enough to consider these when you know something about
phenol-formaldehyde, polyvinyl chloride, etc.

I am fully conscious that each individual plastic requires a book to
itself for really adequate treatment. However, the newcomer is much
more concerned with the somewhat bare outlines. Inevitably in some
respects the presentation must be somewhat sketchy to the erudite.
However, while an expert on phenol-formaldehyde resins may find the
treatment of his subject somewhat elementary, yet he may find com-
pensation in the discussion of some of the other materials.

Organising the subject-matter is difficult, so I have adopted the
scheme based on the association of ideas. Moulding is associated with
phenolic resins; injection moulding with cellulose acetate; extrusion

1xX
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with polyvinyl chloride; fibres with nylon; safety glass with polyvinyl
butyral; and that is where you will find them.

Plastics education is of the greatest importance to the welfare of this
country. The industry may attain major importance. It cannot do so
with the present minute number of competent technicians. It is absurd
to expect that a major industry can be based on a mere handful of
fundamental scientists and a couple of hundred competent technicians.
It requires the growing and ever-widening interest of many thousands
of technicians of every description contributing their ideas to the
general pool. The idea of “back-room boys” applied to plastics would
be entirely harmful. Quality is important, but quantity no less so.

It should be recognised that the joint efforts of many thousands,
applied to the derivation of raw materials from coal, would rapidly
solve many of our plastics raw materials problems. The efforts of a
few will take correspondingly longer. Similarly, a more objective
consideration of oil-refining in this country would bring many benefits
to a number of industries, not the least being the plastics industry. In
any event we have a great Empire to draw upon for raw materials.

There has been too much misguided obstruction in the way of
providing adequate education facilities in this country. The Institute
of the Plastics Industry and the British Plastics Federation have made
very noteworthy efforts in this direction, which have, however, been
nullified by the unimaginative influence of the Treasury. Mere airy
talk about expansion of technical education will not help industry. The
talk must be implemented by action-—and rapid action at that.

There is a wonderful future for Plastics, and it may become a great
national asset, but no industry, no asset, is ever acquired without
considerable effort and expense. Plastics is no exception to the rule.

This is quite a lengthy book made up of many words and pictures
describing numerous materials. But “an ounce of practice is worth a
ton of precept.” It is absolutely imperative for the reader to obtain
these materials, to examine them, handle them, smell them, and so on.
That is the only way in which to get any real idea of the subject.

I have had excellent opportunity of trying out the subject-matter
incorporated in the book in the form of lectures delivered at University
College, Southampton, to very mixed groups of students. I am
encouraged to believe that a much wider circle may benefit from them.
I have also had the inestimable advantage of having handled in really
large quantities most of the materials I have written about.

This has been written in Southampton on the eve of the Allied
invasion of Europe. I cannot conceive of any single event which could
bring home more strongly the present significance of plastics. From
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my window I have seen the massive panoply of war, weapons, materials,
etc., incorporating vast quantities of plastics in every shape and form,
pass on the way to action. I look forward to the corresponding
applications in more peaceful activities.

Years ago I suggested in a number of articles that there was no
longer any sharp division between rubber, synthetic rubbers, and
plastics. This book concludes my work on this theme, completing a
trilogy, having been preceded by Modern Rubber Chemistry and Modern
Synthetic Rubbers. In the meantime the whole subject has crystallised
as the new science of High Polymers.

My endeavour has been to make clear the technical perspective on
this subject.

My own desire is to see Britain leading in these activities and not
trailing behind. Lack of knowledge and lack of effort results in the
facile and disastrous industrial policy of purchasing foreign licences
for processes and goods. This is the easy way out. But it subsidises
foreign development and effectively stifles our own. We can no longer
afford such luxuries. There never was a more apt quotation than ‘“He
who follows must always be behind.”

In conclusion, there are two points which must be stressed strongly.
The first is that plastics should only be used for purposes for which
they are suited. The materials do many jobs well, but they cannot do
every job. Choose the right material for the right job. Neglect of this
principle tends to give plastics a bad name—quite unjustifiably.

The public must be made conscious of the fact that the magic of
plastics merely reflects the technical and scientific knowledge behind
them. There is already much evidence of unscrupulous schemes to
exploit the high reputation of plastics. If people do not check upon
the qualifications and associations behind schemes into which they put
their money, then we shall merely have yet another succession of

financial scandals.
HARRY BARRON
SOUTHAMPTON,

1944
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PART 1
INTRODUCTORY

CHAPTER 1
INTRODUCTION

A the present time there are a number of commercial materials which
are described as plastics. Plastics are essentially industrial materials
based on synthetic organic chemicals which are not found in nature.

Actually there are more than twenty quite different leading types of
materials. The following Table summarises these and gives some
additional helpful information. The types refer to the actual plastic
materials. These plastics already play a great part in the national
economy.

There are two main well-defined classes of plastic materials—
thermoplastic and thermosetting plastics.

Thermosetting materials are those which, when subjected to heat
(and pressure) become set and infusible. When once cool they can no
longer be softened by further heating. 'They are also insoluble in
solvents. The leading examplesof thermosetting plasticsinclude phenol-
formaldehyde resins, urea-formaldehyde resins, melamine resins, and
alkyd resins. They undergo a specific chemical reaction during heating.

'Thermoplastic materials are those which become soft and plastic
when subjected to heat and pressure, but when cooled again they
become rigid. These processes can be repeated indefinitely. There is
no chemical reaction during the heating process so that no permanent
change occurs. Outstanding examples include cellulose acetate, poly-
styrene, etc.

Although a very considerable part of plastics activity is concerned
with synthetic resins there are other synthetic materials of great im-
portance. For example, the cellulose plastics, casein, shellac, and
bitumen cannot by any stretch of definition be regarded as synthetic
resins. The subject is rather wider than covers any particular group
of synthetic resins.

Properties in common. All plastic materials whether synthetic
resins or otherwise, have certain properties in common. The out-
standing feature is that they are all thermoplastic at some stage. It is
only after a heating process that the diverging properties begin to

1 1



2 MODERN PLASTICS

TABLE 1

Tug IMPORTANT PLAsTICS

THERMOSETTING PLASTICS
Phenol-Formaldehyde Resins
(also known as Phenolic Resins)
Phenol-Furfural Resins
Aniline-Formaldehyde Resins
Urea-Formaldehyde Resins
(also known as Amino-resins)
Melamine Resins
Alkyd Resins
(also known as Glyptals)

"THERMOPLASTICS
Cellulose Plastics—
Cellulose Nitrate
Cellulose Acetate

Cellulose Acetobutyrate
Ethyl Cellulose

SOME LFADING TYPES

Bakelite, Mouldrite, Rockite, Durez,
Makalot, Elo, Nestorite, etc.

Indurite, Durite

Panilax, Plaskon

Beetle, Mouldrite, Scarab

Melmac
Paralac, Beckacite, etc.

Ceclluloid, Xylonite

Bexoid, Celastoid, Rhodoid, Cellomold,
Tenite, etc.
Tenite

Ethocel, Hercules

Ethenoid Plastics (also known as Vinyl Plastics)—

Polythylene
Polystyrene

Polyvinyl Alcohol
Polyvinyl Chloride
Polyvinyl Chloride-Acetate
Polyvinylidene Chloride
Polyvinyl Acetal

Polyvinyl Formal
Polyvinyl Butyral
Polyacrylic Esters
Polymethacrylic Esters

Unclassified—
Polyamide
Casein
Shellac
Bitumen
Coumarone-Indene
Silicone Resins
Allyl Resins

Alkathene (polythene), Lupolen
Distrene, Styron, Laolin,
"T'rolitol
Corvic, Koron, Vinylite QYNA, Geon
Vinylite VYNW
Saran
Alvar
Formvar
Saflex
Perspex, Diakon, Lucite, Plexiglas,
Crystallite

Nylon, Igemide
Erinoid, Lactoid, Galalith

Silastic
CR.39

This is not a comprehensive list. Most of these names are Registered Trade Marks.

develop. The thermosetting resins such as phenol-formaldehyde resin
or urea-formaldehyde resins when heated at first become soft just like
all the others. When the heating has been continued for a sufficient
period they change to a rigid rock-like product which can no longer be
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softened. In sharp contrast, the other materials can only harden when
cooled, but can thereafter be softened again.

It is this common property of thermoplasticity which is responsible
for the development of plastics, for it enables the materials to be used
by mass production methods. In the case of setting resins, the change
to the rigid condition can be accelerated so as to take place within a
few seconds if desired. In practice, what happens is that the resin
in the form of a powder is placed in a mould, put into a press, and
subjected to heat and pressure. The heat softens the resin and the
pressure forces it to take up the shape of the mould. In a few seconds
it has become rigid and can then be ejected immediately as a finished
reproduction of the mould.

Another feature they have in common is that each type has a large
and complex molecular structure. The synthetic resins start from
simple chemical entities, most of them quite familiar chemicals. They
are then caused to build up to the resinous condition, when they
acquire the desirable physical properties. The process in most cases
is known as polymerization. In the case of the cellulose plastics the
long structure already exists having been built by nature.

Another feature which all plastics have in common is the ability to
form strong films either from solutions in solvents or by mechanical
processes. 'This accounts for their prominence in the industries where
coatings are involved, e.g. paint, artificial leather, etc.

Plastics is a generic term covering this multitude of materials, each
type having a different composition and very different properties. New
types are continually being developed. Many thousands have been
produced in the laboratories, but only very few possess the necessary
combination of properties which justify their large-scale’ production.
It is no exaggeration to say that most laboratories dealing with chemical
development have some interest in plastics.

The Difference between Thermoplastics and Thermosetting
Resins. The processing properties of the two types differ. The pro-
cessing of the thermosetting compounds always requires a two-stage
operation (the shaping and the setting). There is only one stage in the
processing of thermoplastics; there is no danger of premature setting.
The processing of thermoplastics is therefore fairly simple and in-
expensive, which accounts for their increasing use for numerous
applications.

Because thermoplastics are not subject to chemical alteration in
processing, any scrap formed during manufacture may be re-used.

The handling of plastics is essentially that of shaping, getting them
into some desired form. In order to be processed the plastic material
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must flow readily under pressure, i.e. it must have a high plasticity at
the shaping temperature. In the temperature range in which the
material is to be employed it should not flow readily under pressure,
i.e. it must have a very low and constant plasticity. The curve showing
the plasticity behaviour of desirable materials must therefore be flat in
the range of temperatures where the material is in practical use. In
particular this should apply to plastic flow under mechanical stresses.
It should then take a sudden rapid upward sweep so that the material
almost immediately becomes very plasti¢ at a suitable and convenient

A
MINIMUM PROCESSING CONDITION

———— /NCRFASING

PLASTIC FLOW UNDER MECHANICAL STRESS

L Il A 1 1 ]
0°C.  HC.  60°C 80°C  00°C  720°C  JH0°C  760°C.
Fig. 1. A—Behaviour of typical thermoplastic

B—Behaviour of thermosetting plastic after setting
C—Behaviour of desirable type of thermoplastic

processing temperature, in fact, almost a melting point. This tempera-
ture must, of course, be well below the decomposition temperature.

This desirable type of behaviour is shown by comparatively few
thermoplastic materials. The temperature range in which their pro-
perties are indicated by a flat curve is all too short, particularly at the
upper temperature. In other words, the top temperature for use is
almost invariably lower than is desirable. Three materials, polythene,
polyvinylidene chloride, and nylon, show the desired behaviour; that
is to say, that their plasticity does not increase appreciably with tem-
perature, but there is a very sudden increase in flow just before the
melting point.

With most of the other thermoplastics the plasticity or tendency to
flow increases gradually with the temperature, so that the same
mechanical pressure has a greater deforming tendency as the tempera-
ture increases.

Thermosetting materials such as phenol-formaldehyde resins, urea-
formaldahyde resins, etc., undergo a chemical change during or after
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the shaping process. The plasticity curve which applies during pro-
cessing prior to the chemical change resembles that applying to thermo-
plastics. It is completely different from the curve which applies to the
product after the chemical change has taken place.

Sources of Plastics. There are many factors that affect the avail-
ability of plastics. There is a surprisingly wide range of chemical raw
materials used in the manufacture of resins. Some of the most impor-
tant of these are alcohol, acetic acid, formaldehyde, butyraldehyde,
ethylene dichloride, benzol, phenol, cresols, acetone, acetylene, urea,
various inorganic acids, cotton linters and wood pulp. This list is
again supplemented with many plasticisers which are required for
plastics. Often it is the plasticisers rather than the resin components
which become the determining factor in the availability of the final
plastic. Another controlling factor is the equipment required to
manufacture the various items.

TaBLE 2

ANNUAL PRODUCTION OF CERTAIN STRUCTURAL AND INDUSTRIAL
MATERIALS IN THE UNITED STATES, 1939 AND 1944
(in millions of pounds)

Material 1939 1044

Steel* . . . . . . . 105,597 179,283
Copper** . . . . . . . 2,279 3,691
Aluminiumt . . . . . . 427 2,179
Plastics . . . . . . . 255 907
Magnesium 1§ i 367
Percentage of productlon of plastlcsi alumlmum,

and magnesium to that of steel . . . ! 07 1-9

* Includes ingots and steel for castings.
*#* Includes primary and secondary production and refined copper imports.
1 Includes primary and secondary production.
I Includes in 1939 estimated 100,000,000 pounds of secondary aluminium.
§ Includes in 1939 estimated 200,000 pounds of secondary magnesium.
Sources: American Iron and Steel Institute, American Bureau of Metal
Statistics, and U.S. Tariff Commission.

Based on figures for 1944, the production of plastic materials approximated 246
per cent of that of copper and 416 per cent of that of aluminium, and greatly exceeded
that of magnesium.

At the present time there is a very great urge for accurate informa-
tion about plastics. There exists a vague, woolly knowledge which
associates plastics entirely with moulded articles. This same section
of the public is somewhat bothered because these rigid moulded articles
are certainly not plastic. The realisation is gradually dawning that the
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subject goes much further than this. In one industry after another it
has been realised that plastics materials have entered into their par-
ticular field of activity and have performed tasks to a standard which
could not previously be attained. For example, it has become quite
evident that plastlcs have invaded some of the fields held by wood,
metals, glass, ceramics, rubber, and so on.

Yet this angle of substitution can be very greatly over-exaggerated.
'To bring it back into perspective 'I'able 2 shows how small the entire
consumption of plastics is in relation to metals. This takes no
cognisance of the enormous amounts of wood, ceramics, glass, etc.

The recent war speeded up the trend for the use of plastics and
greatly increased the tempo. In fact, shortages of every description
have been made good either partly or in some cases entirely by the use
of newer materials. Plastics established themselves as raw materials
for the manufacture not only of decorative gadgets and utensils, but
for all the paraphernalia of modern war.

One unfortunate result of this general utility is that it has afforded
an easy way out for politicians or industrialists in difficulties, to suggest
in the vaguest possible terms that some unusual objective may be
attained by the use of plastics. Such uninformed optimistic interest,
although flattering, does great disservice so far as the welfare of the
industry is concerned.

Definition of Plastics. In view of the great potential importance
of the plastics industry, there should be a much wider knowledge of
plastics. There is a general desire for definitions concerning plastics
generally. The term itself is so vague and ambiguous and consequently
somewhat misleading. Comparatively few materials show any obvious
outward sign of being plastic. After all, the general conception of
“plastic” is something soft and yielding. In this respect none of the
commercial materials conform. Certainly the products with which
most people are accustomed—hard mouldings—in no way convey any
impression of plastic character.

Actually the name “plastic” is based on the manipulation of these
materials rather than any inherent characteristic. Carleton Ellis? has
defined the term “plastic” “‘as being anything which possesses plasticity,
that is, anything which can be deformed under mechanical stress with-
out losing its cohesion, and is able to keep the new form given to it.”

According to Yarsley and Couzens,® “a plastic material is just one
which at some stage in its history was capable of flow, and which, on
the application of the necessary heat and pressure, can be caused to
flow and take up a desired shape. Likewise, a plastic product is one
which has been formed under the action of heat and pressure, and
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which has taken on a permanent shape when these agencies were
withdrawn. The plastics industry is the term rather loosely applied
which covers the many diverse industries acknowledged in the produc-
tion of the heterogeneous miscellany of plastic products.”

In general, a plastic material is a mixture or combination based on
organic compounds or substances, which, under the combined and
simultaneous influence of heat and pressure, becomes sufficiently fluid to
permit forming to shape. Other materials, such as metals, may, under
similar conditions, be in a plastic state, but the term “plastics” is re-
served primarily for organic combinations, usually resinous or resin-like
condensation, polymerisation, or esterification products. When these
are mixed with modifying agents such as plasticisers, fillers, or the like,
the resulting product is usually called a plastic material after it is formed
to shape. The term “plastic material” is usually reserved for the
end product of the process, even though there may only be a plastic
intermediate stages

"The American Society for 'I'esting Materials has recently defined the
term in the following manner.

Definition of the noun ‘‘Plastic.”” A plastic is any one of a large
and varied group of materials which consists of, or contains as an essen-
tial ingredient, an organic substance of large molecular weight; and
which, while solid in the finished state, at some stage in its manufacture
has been or can be formed (cast, calendered, extruded, moulded, etc.)
into various shapes by flow—usually through the application singly or
together of heat and pressure.

This definition indicates that correct usage for designation of a single
material will be “plastic’” and not “‘plastics.”

It should be clearly understood that the plastics industry, so far,
has only been concerned with organic materials. However, latterly,
some success has attended the efforts to introduce inorganic materials
into the actual plastic base. In particular, silicon ester resins are
beginning to appear. Thus it has been predicted that by 1950 the
introduction of partially oxidised silicon into the molecular structure
of a new plastic will combine the advantages of organic and inorganic
materials. Such “materials of to-morrow” will exhibit enormous
strength, rigidity, resistance to weathering, and oxygen. They would
be cheaper and lighter than any plastics now used as engineering
materials. Silicon resins are already well established as commercial
materials and are being manufactured on an ever-increasing scale.

Actually, most plastics are materials which fall into the border area
between elastic materials and rigid brittle materials. Thus an elastic
product based on rubber can be easily pushed out of shape, but when
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the stress is released, it goes back to its original shape rapidly. Plastics
such as polyvinyl chloride and polyvinyl butyral also have elastic
properties. The difference is that when they are stretched, they regain
their original dimensions more slowly than in the case of rubber. Brittle
materials break readily under mechanical stress. Some types of phenolic
resins are clearly nearer the solid brittle type of material, and have
little in common with elastic materials.

A Complex Industry. The most spectacular advances in the use
of plastics have occurred in the United States and in Germany. We
are rapidly catching up in this country.

TaBLE 3

UNITED STATES PRODUCTION OF RESINS AND PLaSTICS

i Synthetic Organic Resins Cellulose Plastics
} Lb. :

Year

1927 ! 13,452,000 *
1928 20,411,000 *
1929 33,036,000 *
1930 30,868,000 *
1931 36,179,000 ; *
1932 30,937,000 : *
1933 45,200,000 . 15,825,000
1934 59,915,000 *
1935 | 95,133,000 26,695,000
1936 | 132,913,000 *
1937 163,031,000 37,047,000
1938 130,359,000 *
1939 ! 213,028,000 34,169,000
1940 | 276,814,000 35,765,000
1941 | 437,800,000 55,000,000
1942 | 426,731,000 *

1943 500,000,000 107,000,000
1944 690,000,000 106,000,000
1045 | 808,000,000

1946 l 994,000,000 133,000,000
1947 | 1,252,000,000 95,000,000

* Figures not available

In some respects this is easily accounted for by the fact that these
are the leading chemical producers. For it must be recognised that
the plastics industry is chemical by nature. In the United States and in
Germany the public have been made acutely conscious of plastics for a
number of years.
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German consumption of plastics in 1938 was on a very large scale
which had expanded considerably by 1944.

The plastics industry is chemical by nature and is closely connected
with certain other chemical industries, especially rayon and synthetic
rubber. Thus in 1948, in the United States, of the 1,120 million pounds
of rayon yarn produced, 375 million pounds were of the cellulose
acetate variety, almost identical in composition with the cellulose acetate
plastics and sharing their complexities of manufacture and economics.

TABLE 4

Britisn Prastics PRODUCTION

Tons

1941 1042 | 1943 1944 1945 1946

Cellulose Acetate : ; ?
Moulding Powder . 1,207 1,343 . 1,489 1,307 = 2,162 . 4,204

Sheets and Tubes, etc. 2,335 = 2,718 3,059 « 2,623 | 1,133 | 1,443
Cellulose Nitrate . 1,719 1,531 . 1,486 1,572 1,976 2,100
Phenolic Moulding : ‘ j .‘

Powders . . 13,521 13,124 114,289 15,249 17,531 2§,221I
Urea-Formaldehyde ; ‘ | :

Moulding Powder . ' 4,136 . 4,080 . 3,869 = 2,760 | 3,996 . 6,741
Polyvinyl Chloride : , ‘ ’ 3,

Polymer . . ! {745 3,365 1 4,122 §,471

Compound L ‘ g 10,082 ; 5,463 10,074
Acrylic Resins . . 1,463 © 2,507 3,796 . 4,718 © 1,832 : 3,949

Source: Annual Abstract of Statistics

Furthermore, in many of its phases the rapidly budding synthetic rubber
industry can hardly be distinguished from the plastics industry. Its
Thiokol, Geon, Resistoflex, and numerous other types are really
rubber-like plastics, while both industries have in common similar
problems of polymerisation, compounding, and processing, in addition
to using large quantities of the same raw materials. Butadiene itself, the
basic raw material for the chief types of synthetic rubber, notably GRS,
has recently been the basis of numerous patents for the production of
various new plastics. This 1,000,000-ton-per-year industry is, of course,
now shrinking, but, linked as it is with plastics, will serve again to show
the important position already attained by plastics in the economic
picture.

The United States is by far and away the largest producer and con-
sumer of plastics. It is followed by Germany; Great Britain ranks
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third amongst the nations in this respect, but every country having any
sort of industry has already acquired some interest in plastics.
GerMAN PrasTics ProDUCTION, 1943*

Polyvinyl Chloride . . . 8o million Ib.
Polystyrene . . . .16, ”
Acrylic Plastics . . . . 61 ’ .
Cellulose Acetate . . .7 . "
Phenolic Resins . . . . 70 " ’
Urea Resins . . . .75 » »
Polyamides . . . 7 » »

In Great Britain the trend has been appreciably slower. Latterly,
following on pressure of war conditions, it has accelerated to an astonish-
ing degree, and at the present time the country is more plastics conscious
than ever before. Every industrial country has made strides in the use
of various specific types of plastics. Itis quite clear that in the U.S.S.R.
these materials have been employed on an impressive scale without
undue emphasis having been given to these activities. No statistics are
available by which one might assess the strength of their industry.
There is a large volume of published technical work of high quality.
This is generally an indication of an advanced industry.

The Scope of Plastics. Although the electrical industry and the
radio industry are the oldest and largest consumers of synthetic resins,
plastics have entered many new fields of activity. Not only are they
used alone, but they are widely employed in conjunction with other
materials as parts of products. As a class of materials they have a
number of outstanding attributes. Without exception they have great
strength. They can be coloured prior to moulding, and during the
moulding not only do they retain these colours but they also acquire
an excellent finish. Giving such results by mass production methods
they have replaced materials such as wood, glass, rubber, and metals
for many applications.

Included among the large industries invaded by plastics are engineer-
ing, motor manufacture, aircraft, furniture, domestic appliances,
building, chemical industries, packaging, rayon industry, etc.
The phenomenal rise of plastics from an insignificant assortment of
trades to an industry of great economical and social importance has
taken place during the last decade.

It is the strangest fact that in the period of depression, when most
industries were in great difficulties, the plastics industry continued to
enjoy uninterrupted expansion and prosperity. There is no evidence
of recession or standing still. The industry is still in its infancy, and
its spread into other industries is so wide and comprehensive that it is
on a very solid foundation.
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Until comparatively recently, it has been a disconcerting feature of
general plastics activities to imitate other materials. As a consequence
this has led to much criticism and an implication of inferiority. For-
tunately the trend to apply plastic materials along lines suggested by
their own intrinsic properties—on a purely functional basis has now
become well established.

In the United States in particular, the subject of plastics has been
discussed to such an extent in the press, the magazines, etc., that the

[ ]
[ THERMO-PLASTICS] [ THERMO-SETTING |

EXTRUSIONS |— | COMPRESSION MOULD!NGﬂ

FORMED SHEET ] TRANSFER MOULDINGS |

ADHESIVES L[ 1MpROVED WOOD |
COATINGS
FILAMENTS

FILMS

[ compression MOULDINGS

TT

[ INJECTION MOULDINGS

Fig. 2. Forms in which Plastics are available

public has become acutely conscious of the merits of plastics. A clear
realisation of the merits of the materials is largely a matter of correct
education. It cannot be too strongly impressed that the various
materials used in the plastics industry have excellent properties which
do many jobs superlatively well, and which fall in with the modern
trends of production technique and performance. On the other hand
it cannot be over-stressed that the use of plastics is not an absolute
guarantee that some difficult job may be performed. It is all a question
of perspective. Plastics will certainly not replace all existing materials for
every task. Some materials they cannot replace for any task. It is
essentially a matter of selecting the right plastic to perform a function
for which it is suited.

The Make-up of the Industry. The constitution of the plastics
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industry has become quite complex. A consideration of the basic
fabrication processes illustrates this.

Apart from the nature of the materials there are clearly many other
factors which contribute to make up the plastics industry. For each
type of plastic there are the initial raw materials concerned which
have to be converted into a suitable condition by the chemical in-
dustry. Vast quantities of specialised equipment is involved in the
conversion of these raw materials into the intermediate chemicals, and
then into the actual synthetic resins, and finally into plastic materials
ready for fabrication. All the knowledge and resources of the chemical

TABLE 5

RELATIVE Usk oF PLasTICS, 1946

{

‘ Production, | Percentage

Type of Usage 1,000 Ib. | of Total

For protective coatings . . . 379,800 . 382
For moulding and casting : . 245,000 | 240
For laminating . . . . 36,700 37
For adhesives . . . . . " 78,000 ' 79
For treatment of textiles, paper and j ‘

leather . . . . . ¢ 46,300 . 47
For ion exchange . . . . 1 1,200 o1
For miscellaneous uses . . . . 207,000 20-8

engineering industry have to be utilised. Then again the handling
of the plastics themselves in the preparation of commercial articles is
also normally carried out by specialised concerns who are equipped
with the most suitable plant. Consequently the plastics industry, as
such, has many interested contributory parties. For example, long
before the general public comes into the picture as consumer of the
various products, the materials may have been dealt with in turn by
the raw material industry, the chemical industry, chemical engineering,
plastic manufacturers, plastic engineers, and the fabricators. It is quite
evident that here there is the possibility of a complex industry capable
of integration. Indeed this trend for the co-ordination of numerous
small units into large integrated firms is already well under way.

So far as the plastics themselves are concerned, there are two principal
divisions—the manufacture of the plastics materials, and the moulding
or fabricating of the plastics. This is best illustrated by considering the
manufacture of phenol-formaldehyde resins. The company purchases
phenol and formaldehyde and converts these into resins. It blends the
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resins with filling materials and colours, and prepares its final product
as a coloured powder. This concern does not normally mould the
materials. It sells the powder at a price which may range from about
£50 per ton upwards to firms who specialise in moulding.

These trade moulders have all the necessary equipment such as presses
and moulds, and also have the necessary experience of moulding.
Their business is, in general, based on many orders for long runs of
products. This very facility for mass production, conforming to modern
trends, largely accounts for the growth of the industry. It is neces-
sary to mould many thousands of the same article in order to cover
such items as mould costs, which are very high. The moulded
product is either an accessory, a part of some other product such
as an electrical component, or it may be a finished product such as a
cigarette box.

There are comparatively few concerns who make the phenolic
moulding powders and also mould them. Mention of processes and
moulds introduces two other important sections of the industry, the
manufacturers of presses and accessory equipment, and the quite
separate engineering activity of mould design and manufacture.

Apart from concerns whose specific function is either the preparation
or fabrication of articles from plastics, there is a steady trend for large
industrial concerns to instal either resin production units or moulding
units. In these cases there is a specific internal demand for large
quantities of plastic articles which justifies the creation of a special
plastics division. Any excess capacity often leads these firms to produce
articles for the open market.

While the references in this analysis have applied to phenolic resins
the same holds good for other forms of plastics. For example, cellulose
plastics are, in general, prepared from raw material by specialised firms,
while the fabrication into finished articles is carried out by other
concerns.

Historical Background of Industry. The plastics industry is not
a new industry, although it has expanded beyond all recognition during
the last twenty years. It is mainly based on a number of synthetic
resins and a group of cellulose plastics. On the other hand, bitumen
and casein have been known since Biblical times. Nitro-cellulose
moulding is already some eighty years old. Yet understanding of these
materials has only come about comparatively lately. In particular the
recognition of synthetic resins as useful commercial materials has only
come about in recent years.

The history of organic chemistry, particularly during the last
century, shows that all experimental work was accompanied, and
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hindered, by the formation of tarry resinous masses. These materials
appeared to have no uses. Chemical technique was inadequate to handle
them. They were given scant attention, being considered a nuisance.
In recent years, with a growing understanding of various phenomena, it
it has been possible to re-examine these waste materials more closely
and one result is that the plastics industry has expanded out of all
recognition.

In spite of this generalisation it is a fact that numerous alert chemical
workers noted among these seemingly useless materials unusual be-
haviour, which at the time they could not usefully employ. In many
cases the time was not ripe. The other essential contributory factors,
notably the manipulative technique and the necessary equipment, were
not then available. Neither was the main driving force present, namely,
industrial demand for such materials. The conditions were simply not
right for their arrival. So it happens that many of the newest forms of
plastics are rediscoveries. This may cause great surprise. They are
none the less meritorious, nor does this fact detract from the credit due
to the latest workers. For it is a far cry from a laboratory material to
the commercial product. A typical example is polystyrene, which was
first discovered in 1835. Another is polyvinyl chloride. 'The same might
be said about the cellulose plastics.

Another interesting feature is that one of the primary causes for the
arrival of plastics has been the frequent endeavour to replace natural
materials which happen to be in short supply. This became a major
consideration during the war, and it is still an important factor. For
example, nitro-cellulose plastics arrived to replace ivory. Casein, too,
was connected with a similar problem to replace horn which was in
short supply. In the early days of this century much of the drive behind
the phenolic resins was directed at replacing shellac. With the recent
war-time necessity to replace tung oil, natural resins, and other natural
materials, this urge has recently become even more emphatic. In fact,
at the present time it is stronger than ever. Many plastics are being
developed at a rapid rate in order to make good the shortages of fabrics
and metals. Polyvinyl chloride is the outstanding example of a material
which has come into wide use to replace rubber and fabric. Moulded
plastics replace brass, copper, steel, etc. So through one cause or another
these synthetic products develop along a long road of endless improve-

' ments.

It is of the greatest interest in this connection to notice that the same
trend is marked inside the plastics industry; that is to say, that one
plastic will tend to replace another when the properties of the newer
one become more attractive. Oddly enough this has not had the effect
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TABLE 6
PRrROGRESS IN PLasTICS

Celluloid .

Alkyd resins

Casein . .

Phenol- formaldehydc

Cellulose acetate

Modified alkyd resins

Vinyl acetate polymers

Phenol-formaldehyde

Phenol-formaldehyde

Urea-formaldehyde

Urea-formaldehyde

Modified vinyl acetate

Acrylic esters .

Phenol- formaldchydc

Urea-formaldehyde

Methacrylic esters

Polystyrene

Cellulose acetate

Benzyl cellulose

Celluloid and cellulose acetate

Vinyl chloride polymers and
copolymers

Polyamide resins . .

Phenol-formaldehyde

Polyisobutylene

Ethyl cellulose .

Polystyrene

Urea-formaldehyde

Polyethylene

Casein

Melamine- formaldehyde resin

Polyvinyl butyrate

Cellulose acetobutyrate

Polyvinylidene chloride

Polyamide

Silicone resins

Polyesters

Sheets, rods, tubes
Solutions

Thick sheets, rods

Castings .
Sheets, rods, tubes
Coatings

Adhesives

Laminated sheets

Moulding powders

Cast forms

Moulding powders
Powders, films, sheets
Castings, mouldings
Modified cast resins
Laminated sheets

Castings, mouldings
Moulding powders
Injection moulding powders
Sheets, rods, tubes
Continuous extruded sheets

Sheets, rods, powders, films
Flakes, filament

Extruded tubes

Slab

Sheets and powder
Transparent moulding powders
Transparent moulding powders
Rods, tubes, sheets

Injection moulding powders
Solutions, moulding powders
Sheet

Moulding powders

Extrusion of filaments
Moulding powders

of eliminating many plastics, for whenever one market is lost, another
is found which more than makes up for the deficiency. The out-

standing example is cellulose acetate.

Having lost the safety glass

market to polyvinyl butyral, injection moulding expansion has caused
an enormous demand, far outstripping the lost field. Nitro-cellulose
plastics still thrive in spite of their disadvantages.

The plastics industry of to-day is built on the foundation of Baeke-
land’s work on phenolic resins, but each commercial plastic as developed
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is evolved from a large volume of work carried out by numerous
scientists and technicians in every part of the world. This applies even
in the case of phenolic resins, although these are invariably associated
with Baekeland.! He was one of many workers on the subject, although
it is still true to say that his work was the focal point of the whole
industry.

Phenolic resins, as such, were already known some forty years before
Baekeland. He brought them out of the nebulous clouds of the chemical
laboratory. He showed how to make reproducible products, how to
conduct the process and how they could be made commercially useful.
Earlier workers may have made some contributions to the subject, but
his were the key contributions.

There is always an element of good fortune about industrial develop-
ment. For example, the merits of phenolic resins for moulding would
undoubtedly have become fully recognised in due course. The develop-
ment was accelerated by the demands of the radio industry in 1922.
Each industry in turn helped the other. In a similar way, the excess
cellulose acetate available after the last war led to the acetate rayon
industry. More recent examples of circumstances forcing the develop-
ment of plastics include the war-time pressure on polythene, methyl
methacrylate polymer and polyvinyl chloride, and the requirements
of the synthetic rubber industry performed the same function for
polystyrene.

The Development of the Plastics Industry. The plastics industry
in its present form can only be regarded as about twenty years old.

Twenty years ago there were some materials which became plastic
when heated and could be ‘converted into commercial products by
moulding or by extrusion. Familiar examples include shellac, which
was being used to make gramophone records, and for insulation, while
casein was employed for making buttons, pens, pencils, and many
other decorative articles. For electrical purposes the outstanding
material in general use was ebonite. This suffered from the great
disadvantage that production was difficult and slow. Ebonite was
consequently expensive. Celluloid was very widely used despite the
uneasiness caused by its inflammability.

At that time vague stories were being circulated concerning a mys-
terious synthetic resin which was reputed to give remarkably moulded
electrical parts of unusual complexity of form. It was at this time that
wireless transmission and reception became general. An enormous
demand arose for wireless sets. Mass production was essential to satisfy
this demand. Many millions of parts were required for these sets. The
essential features were that these parts should be made quickly and
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cheaply, and yet have the essential electrical and mechanical properties
for application in wireless sets.

Waiting to fulfil these requirements was a synthetic resin--phenol-
formaldehyde resin. It stepped into the breach and triumphantly met
every necessity. It was the ideal material for the mass production of

Fig. 3. Wall surfaces composed of phenol-formaldehyde veneer®

small moulded parts. In a very short time phenol-formaldehyde resin,
in the form of moulding powder became the foremost insulating
material. It ousted ebonite from the position of monopoly it had long
maintained. This was an epoch-making development, for it marked
the real beginning of the plastics industry. Obviously, while radio
provided the industrial entré for phenol-formaldehyde resins, yet in
turn these resins have contributed greatly to the subsequent develop-
ment of the electrical industry. The presence of this plastic material
which could be moulded with such ease had another profound effect.

2



18 . MODERN PLASTICS

It provided a nucleus around which the other unassociated plastic
materials could crystallise to form the plastics industry.

During the last ten years the plastics industry has been enriched by
numerous new materials. The spectacular arrival of new synthetic
plastics and rubber-like materials during these years has been most
impressive. It is notable that prior to this, most commercial plastics
were obtained via a condensation process. During this period the

Dl"' E
-l"ll'

Fig. 4. Widely used moulded door furniture®

outstanding new plastics have been those products obtained by
polymerisation. There is almost a clear line of demarcation.

Many of these polymerisation plastics have already achieved great
industrial importance. Numerous others promise to do so. So far
as any general classification is possible, the important groups are
synthetic resins derived from acetylene and ethylene, known as the
ethenoid or vinyl resins, and the synthetic rubber-like materials. They
all have many features in common, and actually represent the transition
from plastics to rubber.

Important ethenoid resins include polyvinyl chloride, polyvinyl
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acetate, polyacrylic acid esters, polymethacrylic acid esters, and
nitriles, amides, acetals, etc.

The Growth in the Size and Scope of Plastics Articles. Until
comparatively recently, plastics were confined to the production of
small articles. Everyone is familiar with the innumerable gadgets made

Door Medallion Regulator Dial Escutcheon Plates

Evaporator Door Handle Cold Control Knob Cold Control Wheel Evaporator Frame

-
Evaporator Door Panel Evaporator Door Evaporator Door Name Plate

Temperature Control

Butter Receptacle
Unit, Knob

Control Knob
Terminal Receptacle

Breaker Srps e on Base of Control
Defrost Indicator Lens & \\/ -Inne:-l)oor Liner
Meat Keeper Door Window N \’ | Name Plates (4
Meat Keep:;d"g::gi ﬁ: ™ Sitzh} Gauge Float Rod
Drain Tray Handle __| | f{—=—+ Door Handle or Latch
Conservador Latch ya P gy Milk Shelf Handle
Latch Bot—1~ | | ”\ Drip Pan
e L
Thermometer Dial Light Switch Plunger
or Wheel
Pearl Corner Bracket ] — T Crisper Tray Fronts (3)
on Moldings (~ = t— Crisper Tray Handle
Corner Trim Pieces - - Motor: -IBushings 6)
orain T || / 7 Termina s
Storage Bin Handles 1 Washers (3)
Storage Bin Ornament ﬂffi,) / Dials for Light Control
Storage Bin Knob +—| —_—] Startiggsse;:yd: Bass
Vegetable Tray Front

2 -

Fig. 5. Plastic applications in a modern refrigerator !

by moulding plastics. The Americans have an innate craving for
gadgets. Plastics are admirable for making such gadgets on account of
their colour possibilities, together with the fact that they can be handled
by mass production methods. But in recent years a turning point has
come in the industry. Plastics are on the verge of becoming structural
materials or component parts of structures. This is of the most pro-
found significance. It opens up far wider possibilities than were ever
envisaged. It makes possible the idea of prefabrication of numerous
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essential structures such as houses, etc. The application of plastics as
stress-bearing materials is already a reality. On the other hand, it
would be foolish to imagine that anything like finality has been reached.
That is not so.

There are close connections between plastics and other industries.
For example, cellulose plastics owe a great deal to the rayon industry.
In turn, the rayon industry draws on new plastics as raw materials for
new fibres, and on older types of plastics for equipment. The same
applies to the film industry. All the coating industries making paints,
lacquers, etc.,, owe a great deal to the evolution of plastics. Com-
plete plastic coatings have been developed and are giving satisfactory
service.

The Spread of Plastics. Plastics impinge on every aspect of human
activity. The extent is almost bewildering. It is not an industry where
one can say that any single material or article predominates in the way,
for example, that tyres predominate in the rubber industry. 'This
diversification has a great stabilising effect.

Although phenolic moulding plastics have been the leading products
so far, and still enjoy the largest volume of application, others are
approaching it in output; notably vinyl plastics and cellulose plastics.
It is a fact, for example, that plastics used by injection moulding are
still virtually at the beginning of their expansion.

T'o consider applications of plastics is almost to present a catalogue.
Perhaps the best approach is to consider plastics in daily life. One can
start a day with a tooth-brush made of one of the many types of plastics,
with nylon bristles to complete the assembly. 'The bathroom fittings,
shower-bath surrounds, the curtains, etc., will probably be made of
plastic materials. Dentures and spectacles may be of acrylic plastics.
The tooth-paste would be in a container almost certain to be capped
with plastic. The average dressing-table abounds with outstanding
examples of articles fabricated from plastic.

In the case of a man his shaving-brush and shaving-soap containers
and razor would be almost totally plastic. Numerous clothing acces-
sories, including collars, braces, or suspenders, boots and shoes,
jewellery, etc., will also be made of plastics.

Furniture may well be either plastic or plastic-bonded wood, and
this may quite likely apply to interior decorations and fittings. It goes
without saying that in these days electric switches and fittings will
almost certainly be moulded. The probability is that this applies to
lamp shades too. Dressing-table fittings, chair covers, and so on, will
also come into the same category. Telephone and radio sets are out-
standing examples of plastics.
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Although plastic cups and saucers have not gained popularity for
general use, nevertheless they are used to a great extent, especially for
secondary purposes. During the war emergencies they were widely
used in place of pottery, which was not available. However, other
accessories for the table such as condiment dishes, various containers,

Fig. 6. 'T'ypical mouldings from urea-formaldehyde moulding powder'?

etc., are certainly made of plastics, The handles of knives, forks,
spoons, and so on, are also of this type. The kitchen is full of typical
plastics articles. Present-day refrigerators and accessories are out-
standing examples of the extent to which this trend has gone.

So one might go on almost indefinitely. Accessories of leisure, such
as playing cards, chess men, chips, etc., are in the plastics orbit. The
nursery, too, nowadays contains numerous examples; there is a wide
variety of toys and bricks, and decorative articles of every description,

Out of the home, in office or factory, the same is still true. Office
equipment and gadgets of every description abound. Process machinery
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parts, bearings, gear wheels, and gadgets are found in nearly every
works irrespective of the type of product being made.

Once one becomes aware of plastic materials, they are encountered
in every phase of human activity.

"The industrial uses of plastics are manifold. In many cases they are

Fig. 7. Modern office, showing wall surfaces, underledges,
table-tops having resin-treated veneers®

hidden from sight, and the casual onlooker is not aware of them. In
fact, by far the greatest amount of plastics articles are in machinery
parts, factory equipment, and electrical equipment, well away from
the general view,

The emphasis varies in different countries. In this country plastics
have been used carefully as relatively expensive materials. By contrast
for many years the Germans have concentrated on employing plastics
as cheap materials in every form of machine to displace metals; in
agricultural machinery, in aircraft parts, etc.

American activities, until they entered the war, were mainly directed
to the more spectacular luxury articles of less utilitarian application.
These articles have been made by the million, forcing the development
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of mass production methods. Enormous enthusiasm had been generated.
The materials had begun to satisfy many industrial desires and require-
ments.

American use of plastics since the end of the war has expanded in
a most extraordinary manner with demand far outstripping supplies.
Enormous outlets are found in the fields of synthetic coatings, synthetic
fibres, electrical equipment, car, railway and steamship production, re-
frigeration, plumbing, house construction, packaging, and furnishing, etc.

It is amazing to contemplate how diverse plastics spread unrecog-
nised through aircraft, battleships, tanks, and the entire run of military
equipment. Plastics swung into war production with amazing celerity
and success.

The Appeal of Plastics. What is it that plastics materials have?
'They combine a number of desirable inherent characteristics, and the
fact that they lend themselves to mass production operations or con-
tinuous operations. The inherent properties by and large include the
complete colour range in both opaque and translucent effects, and also
materials with the best known light transmission.

Superb electrical characteristics are available if desired, and this is
accompanied by toughness and flexibility.

Another general attribute is their lightness as compared with other
materials. It is also a fact that their durability is outstanding. They
soften at temperatures low enough for easy manipulation, but high
enough to maintain rigidity at working temperatures. They are trans-
parent like glass, but not brittle; they are light like wood, but have no
grain, and can be cemented; they are coloured and non-corrodible like
ceramics, but tough; they can be highly elastic, like rubber, but stable
in the atmosphere and do not require vulcanisation; they can be like
leather, but are rot-proof and practically indestructible; in fact, they
compare favourably with almost everything except the heavier materials
of construction.

There can be no shadow of doubt, however, that the best value of
plastics will only emerge when articles or structures are specifically
designed for them. Their leading virtues, such as light weight, ease of
fabrication, fatigue strength, colour possibilities, and so on, can then
be used to maximum advantage. Although plastics are so very versatile,
much more so than metals, yet their disadvantages as well as their
advantages must be considered. They cannot be accepted as panaceas
for all difficulties.

All the desirable characteristics for some particular purpose may not
be present in any one plastic. The ideal plastic has yet to be found. But
generally, each material will have one or more outstanding feature.
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Moreover, they are all the time being continually made better. Various
defects are being eliminated as more is being learned about the nature
of the material. For it is a sobering fact that not a great deal is known
about the structure of most plastic materials,

Another important feature is that as the demand and output of these
materials increases, so they become cheaper.

The Application of Plastics for War Tasks. Plastics played
an outstanding part in the production of war equipment. They played

Fig. 8. First-class lounge of the Coronation Scot, showing tables and wall
surfaces incorporating inlaid designs®

a very important part as a means for replacing such materials as were in
short supply owing to the war; for example, rubber, metal, glass, and
so on. In such changes it has become evident that their production
can be brought to an extremely efficient state.

Many of these developments are here to stay, irrespective of war
conditions. The large-scale manufacture, necessary to war production,
has served to bring down the cost, and has made them more competitive
with the materials which they have temporarily replaced. They made
good a number of shortages of other materials, notably rubber and
metals. Plastics of one sort or another, moulded, extruded or as
cements, have been used as accessories in every machine of war. In
many instances their own inherent properties account for their applica-
tion under the most arduous conditions. For some uses their wexght-
saving characteristics is a predominating consideration. N



INTRODUCTION 25

Many spectacular war uses are familiar to everyone. For example, the
use of transparent sheetings, such as “perspex’’ and cellulose acetate in
aircraft. 'The appearance of innumerable familiar moulding components
and accessories are likewise everywhere to be seen. But apart from the
spectacular and familiar applications, the uses of the different plastics
are legion, and in many cases are not realised. The electrical field, and
notably communications, is clearly dependent on plastics in its cables,

Fig. 9. 'T'he outstanding war-time phenolic moulding. 'The “6¢9’’ hand grenade,
made up of seven mouldings!® .

batteries, telephones, microphones, and the other accessories too
numerous to detail.

Some idea of the part which plastics played in war production may
be gained by considering their uses for aircraft alone. Many of these
applications have carried over into peace-time conditions. It is a fact
that many airplane parts are now being made of plastic-bonded plywood.
These include fuselages, wings, elevators, flaps, ailerons, stabilisers,
nacelles, bomb doors, floats, controls, rudders, taps, spars, rigs and
propellers. Other portions using laminated materials include ducts
and pipes for ventilators, pilot-seats, cabin partitions, doors, floorings,
and so on.

The widespread use of transparent plastic materials is of course
well known. Either acrylic resins or cellulose acetate are employéd to
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make cockpit covers, gun turrets, astradomes, blisters, windows, etc.,
in nearly all aircraft. When one considers the field of moulded articles,
their number is almost legion. In common with ordinary trends in
electrical equipment, such things as circuit breakers, switch boxes,
switches, panel boards, sockets, connectors, terminal boxes, switch-box
covers, junction boxes, etc., are all moulded from either phenol-formal-
dehyde resin, urea-formaldehyde, or melamine resin. They combine
electrical requirements with lightness and great strength. Insulation of

Fig. 10. Diagram indicating the uses of plastics in aircraft!!

1. Airscrew blades and spinner 13. Pilot’s seat
2. Jettisonable fuel tanks 14. Windscreen
3. Landing light shield 15. Window or cockpit panes
4. Wing tips 16. Window frames
5. Navigation light covers 17. Radio panel
6. Trimming tabs 18. Table tops
7. Tank fillers 19. Battery case
8. Hydraulic liquid header tank 20. Control wire guards
9. Cable conduits 21. D/F housing
10. Air ducts 22. Turret
#1. Radio antennae reel 23. Nose window

12. Antennae lead-in tube
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wire and cables is largely based on polyvinyl chloride or copolymer
plastics. It is fairly evident that numerous other gadgets such as
knobs, handles, switches, panels and dials are moulded from either
thermosetting or thermoplastic materials. For operational night flying,
illumination of panels, switches, indicators, dials and charts is achieved
by the use of fluorescent plastic sheet, and plastic materials which have
the characteristic of edge-lighting.

If one may mention a few other items, such as tubes made of poly-
vinyl chloride, artificial leather for upholstery made with vinyl chloride
acetate copolymer, machine-gun feeding rollers moulded from cellulose
plastics, etc., it becomes quite evident that plastics play an extremely
important part in aircraft at the present time. The description of
applications in other branches of war application is equally impressive
and lengthy.

Considering some of the leading materials, phenolic resin mouldings
are put to direct military use in such articles as grenade parts, shell
noses, bomb parts, aircraft fittings, ship fittings, and fittings on vehicles
of every description. In aircraft, parts of the ignition system, a variety
of pulleys, fair leads, and so on are used. Packages of every description,
and items such as buttons, etc., are a few of the abounding examples
of phenolic mouldings. They feature in all the housings of instruments,
all the electrical parts of the various equipment.

Phenolic laminated materials play a more spectacular part. They
feature in the form of moulded aircraft, ranging from large parts of
the monster machines to the Mosquito bomber, down to the humble
training plane. The components may range from fuselages to wings.
They play a great part in the production along mass production lines
of plastic-bonded torpedo-boats and small craft of every description.
They play a part in the fittings of aircraft, ships, and vehicles. Gas
masks, bugles, bayonet scabbards, helmets, feature among infantry
equipment, the soldier’s numerous personal items are also largely based
on plastics.

In the background behind the fighting lines there was an enormous
application of phenolic resins. 'The whole range of industrial products
and machine tool parts, accessories, such as gears, bearings, and so on,
are typical examples.

The urea-formaldehyde resins have played their greatest part as
adhesives for plywood. As mouldings they have featured in the pro-
duction of utensils, both for the armed forces, and the civilian population.

Vinyl resins made spectacular contributions to the war effort. As
insulation to replace shortages of rubber they have proved remark-
ably successful. Their use is expanding by leaps and bounds. Their
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importance on military communications need not be emphasised. Some
types of these plastics were used for coating fabric for army clothing,
etc., and waterproof equipment. Other types were used for instruments,

MARINE
PLASTICS
STRUCTURAL DECORATIVE MECHANICAL
RSTRUCTUR DAT! MIS PANELLING CABIN  BEARINGS,  CABLE
SUPERSTRUCTURE  B0ATS STEERING FITTINGS STERN COVERINGS
WHEELS, TU%ES,
ETC ET
WHEEL PROMENADE DECK
HOUSE (PERSPEX THERMO
SETTING)
INSULATION,
HALF MILLION
HATCH COVER CU.FT SHIP MAX.

Fig. 11. The main groups of marine applications of plastics

etc. In the same field plastics such as polyvinyl butyral are also being
effectively used as a rubber substitute, particularly for proofings and
adhesives. They also feature in bullet-proof glass. Acrylic resins played
an outstanding part in the war, chiefly in the form of transparent
sheeting for aircraft. Apart from these uses, however, they are employed

SUPERSTRULTURL FORE kND
SYRUETURE & GLAGS

MATC

[ IMBUL AYED HOLOS

Fig. 12. Modern passenger packet, showing possible plastic applications.
She is “glazed in” for more than half the length!?

for lenses, dentures, corrosion-resisting containers, for the treatment
of fabrics, and so on.

Polythene is of primary importance in the field of communications.
Polystyrene, too, is playing an important part in this field. The cellulose
plastics feature not only as film base, but in the production of innumer-
able accessories made by injection moulding. Such military examples as
steering wheels, handles, and accessories on guns, gas-mask accessories,
aircraft parts, and a thousand and one other uses.
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The Future of Plastics. Yarsley and Couzens® have stated that
“Plastics will bring new products and new standards of hygiene and
colour into the life of everyone, and corrosion and decay to which we
have long been accustomed with conventional materials will be reduced
to a minimum. New types of architectural materials can speed up
production, and the exploitation of the remarkable properties of plastics
products should give rise to new members of construction.”

The use of plastics may enable the production of lighter and stronger
structures at much lower costs than are at present available.

Future dwellings will undoubtedly be profoundly influenced by
plastics. "This angle has been admirably described by Fejer.® Fig. 13
succinctly outlines the possibilities.

Leading American car manufacturers appear to be satisfied that the
evolution of car bodies will come into the plastics field.

Apart from this, plastics are already of great significance in the
average motor-car. Once again this can best be brought out by a
diagram. (See Iig. 14.)

T'rends in marine design also suggest that plastics may attain con-
siderable importance. Applications in luxury vessels of the past, may
be forerunners of general practice in the future. Hardy® has studied
this angle in relation to large vessels. The field of small craft is already
invaded by plastic laminated materials.

Another point with reference to the future of plastics is that while
the discussion so far is chiefly concerned with technical and utilitarian
equipment, plastics have even wider horizons. The arts have a very
great interest in them. There is much interest in design from the
functional point of view. But an outstanding feature of most plastics
materials is the unparalleled beauty of colour, surface, form, and
texture. They lend themselves to every form of manipulation. As a
result they are of interest to the creative artist, such as sculptors,
painters, and commercial artists. Already there are many examples of
exquisite and beautiful craftsmanship comparable with the best work
in other media. There are all sorts of novel features about plastics,
hitherto unavailable in other materials, which lend themselves to
artistry and design. As outstanding examples, one might mention
edge-lighting and curved-light effects of methacrylate resins and
polystyrene.

Synthetic resins and plastics generally have an enormous future in
the field of textiles. Here they find application in three ways. For
many years they have been used as coating materials applied to textile
fabrics to make artificial leather, oil cloth, tarpaulins, etc.

In recent years synthetic resins have been used to impregnate textile



1ed ueoudwy [eo1dS) ut suoneordde sonsely b1 -8y

10451592 ‘1302 ‘x0Q
*a50q ‘jouiwiay ‘doy 0D

{r) SYIHSVM NOISSIWSNVAL

A20]q [oUlWID JjPWWD

' ‘sqo} puo si@ays Bunojnsuy

‘YOLVINOIY INIAYND IOVIIOA
pod Buyojnsuy joutwiay tuiod

‘pod uouduy yutod ‘Buiysnq ‘() sioojnsul
“(9) sdo> 2|qo> “yojos ‘dod ‘Bursnoy 1 JOLINEIFLSIA

/

\mmi JOLVEINIO
(8) SdVD ON1d dAvdS

-
o
{£1) SUOIDINNOD I¥IM
su3) ‘Bun [o1p ‘|Jupg 1 XD01D
{z) spod Buypjnsui usoy Aojas
“{z) spod Buyojnsui 320|q “33ysom ‘so0jRsU Buiysng 100105}t YNNIINV
‘@aio|d pojucd ‘Gun Bumolq ‘uvoung NIOH
1vQ3d 301viNIDOV
S30HS ¥3dwne 3004
2308 HOLIMS %001
(Z1) SNO3HDLNDS3
X08 A¥3LLVE
31V1d 3IWVN dWV1 3ivid ISNIDON
9s0q duys P04u0d ¢

> ‘(€) 23ysom (LINN 3ONVO

O sudp do) IYNVL SVO

=

-

C SN31 dWV1 31V1d 3ISN3IDON

"hUu 1z) SN31 IHON UL w:

m SN31 LHOI XNNAL \ !

I

Z. {Z) S¥OIVIIONI NOWDINIA |

—

Y3§ms A33|s ‘poddns PDJuod
‘43ysom ‘Jaysoy 'sud] LHOIT 1¥NDIS

SSV1O AL34VS 304 YIAVINILINI

\ T3IIHM ONI¥3IIILS
sBuiysng dwoj ‘qouy ‘P11 "AVHL HSV

3 . \ \ s0j0in69s mopuim

(v} sBuipjow wuy *(QZ) suoung A¥31S1044N pud iysi0aB aiyBi| ‘yaI0| Pooy
‘13j02Y ‘JOID|HUIA J3dIM plBIYSPUIM
‘Yaums pubis :;m._ ‘9qoY> ‘oY

"SEONM

%30iq Bunoinsur ‘Youms ‘suay 1HOIT IWOQ

12U 31ANVH NI 133SNI INVHS
'S} SNOITIVAIW ONIGIOW HSINYVO

ty) S3D01 ¥400Q

Buysng Joiojnsur ‘1aysom asny
‘19ysom ‘as0q ‘Buisnoy  YILHOIT IVOID

INIWVNIO 301vigvy

350Q Ydims ‘NI0|q [OuILIIDY
‘{Z) ssoipjnsur yd0|q ‘(Z) seioid joutuisay
(Z) ssaysom “(Z) 194208 i SIHOINAVIH
{ound ‘3jp3s |oIp ‘sud| quawouIo 3B
‘@)|ub “(7) sqouy josuod ‘(B) suounq ysng
‘olavy
U3 J2PWOPO ‘(7] siYsOM 2[qDD
“§o0q |oip ‘sa4uiod ‘jund ‘Bun |oip ‘suay
‘3313W0Q033dS
iuawous0 ‘duis 100Q INIWLEVEWOD JACTO

|eund »c_.a»,o 3AHDI0I3Q 1 QUVOBHSYQ

o TINVE ANIAWOALSNL . . . e



32 MODERN PLASTICS

fibres. The object has been to improve the physical characteristics
without affecting the appearance. According to Powers:® *"I'o-day there
are fabrics which consist of 30 per cent synthetic resin and 70 per cent
fibre, and yet they retain all of the appearance, feel and even microscopic
characteristics of a textile fabric . . . to-day there are millions of yards
of cotton, rayon, wool, and silk fabrics which have been modified and
whose serviceability has been improved by the addition of 1 to 30 per
cent of specially developed synthetic resins.” Urea-formaldehyde
resins and acrylic resins predominate in this field.

The third aspect is, of course, the use of synthetic resins and their
plastics actually to make synthetic textile fibres of outstanding character.
The cellulose fibres are well-established rayons. Nylon is in cvery-
expanding production. Vinyon and saran fibres are freely available.
The trends here are all steeply upward.

Plant required for Plastics. The plant used in the preparation
of plastic compositions and the fabrication of finished articles is largely
based on types existing in other industries. The ready availability of
plant which can be adapted for use with plastics is a contributory factor
in the rapid expansion of the industry.

Mixing equipment involves such items as powder mixers, and
dough mixers which are used in many light industries. Heavy duty
internal mixers, and mixing rolls have been borrowed from the rubber
industry. .

Presses of every description are employed. Special plastic types have
been evolved which are rather more effective than the original presses
borrowed from the rubber industry. For thermoplastic materials, as
with rubber, calenders are employed to make fine sheetings and to
coat fabrics, etc. Extrusion of thermoplastics has until recently been
carried out on machines designed for rubber. Now specially designed
extruders are coming into use. Injection moulding equipment is based
on metal casting plant, although the machines have now taken on their
own specialised character.

TaBLE 7

MacHINES IN THE U.S. PrasTiCcS INDUSTRY

. 1941 1944 1947 1948
. i
Compression presses . . . | 8.000 11,500 | 13,250 | 13,600
Injection presses . . . 1,000 1,500 | 3,500 ' 4,000

Extruders . . . —

. 350 | 1,250 1,400
Extruders for wire coating . . —_

330 — | —

|
)
|
|
i
|
|
|
|
|
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Apart from these, in the fabrication of various plastics products the
whole range of woodworking and engineering tools is used. The leading
items are described at appropriate points in the text.

Some indication of American potential so far as plant is concerned
may be derived from the figures given in Table 7 (see previous page).
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CHAPTER 1II
RAW MATERIALS FOR PLASTICS

'THE plastics industry has expanded at an enormous rate and the
numerous individual plastics have been derived from a variety of raw
materials. In the past most interest has centred around coal-tar and
cellulose as primary sources of its raw materials. However, the range is
now very much wider than this. The raw materials used in the making
of synthetic resins have mostly been obtained from among the following
natural products: coal, cellulose, salt, sulphur, water, air, and limestone.
To these must now be added petroleum and agricultural products, as
major sources. The development of waste product from petroleum
has been most spectacular during the last few years, and cven greater
developments are impending.

If U.S. plastics consumption in 1939 is taken as 100, in 1947 cellulosic
moulding materials are at 750.

Phenolic Resins . 300
Urea Resins . . 300
Melamine . . 300
Polystyrene . . 12,500
Vinyl Resins . . 15,000

The wedding of agriculture to industry has attained greatest success
in the field of plastics. Henry Ford was one of the most enthusiastic
and successful exponents. However, the soya bean around which most
of his interest has been centred is merely one of a large number of
agricultural products which are playing an important part in plastics
production. Soybean plastics have already entered the field. Brazil is
keen about a large programme for the production of plastics from coffee.
Patents appear in great numbers for the production of plastics from
cottonseed hulls, corn proteins, and bagasse. In the synthetic rubber
picture, butadiene obtained from alcohol and other agricultural products
is an accomplished fact. Waste sulphite liquors and scrap wood con-
tribute large volumes of lignin plastics. Similarly, the plastics industry
may expect to see a continued use of products derived from the rosin-
turpentine field.

It seems the general practice that wherever there are waste materials
an outlet is sought for them in the plastics industry, very often with
notable and startling success. The conditions for success are quite

34
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clear: either a new product must have outstanding characteristics or be
an abundant and cheap source of supply for older types.

The materials mentioned are the fundamental basic starting materials.
Clearly a great deal of work has to be done to convert them into the

OH
H.CHO. C,H, O CH = CH
PHENOL  FORMALDEHYDE  ALCOHOL ACETYLENE
?HQOH NH
co
CH—OH O: o 0
| N
CH,=CH, CH,OH co” NH,
ETHYLENE  GLYCEROL PHTHALIC UREA
ANHYDRIDE

Fig. 15. Some leading starting chemicals

physical condition and chemical composition suitable for conversion
into the synthetic resin or plastic material. An enormous number of
intermediate chemicals must be prepared, and in these processes large
amounts of inorganic heavy chemicals must inevitably be employed.
It should be well understood, therefore, that the preparation of plastics
is essentially a chemical industry.

TABLE 8

QUANTITY OF THE MORE PROMINENT INTERMEDIATES USED IN PLASTIC
MANUFACTURE IN THE U.S.

f . L !
 Quantity used in | Percentage used !

: A i Total
Chemical Intermediates 1 th(?l::::]lgi ((:tl}b ) f?ogllas(t)ﬁ‘:p:; : Production
| 1944 ‘ 1948 { 194+

Phenol . . . ‘ 110,000 | 545 |7 239,000
Formaldehyde . . | 100,000 51-8 ' 523,000
Urea L 45,000 100°0 } 60,000
Phthalic anhydrlde | 100,000 89-7 l 126,000
Glycerin . | 35,000 178 ' —
Acetic acid . | 40,000 137 | 1,595,000
Acetic anhydnde l 110,000 22'2 | 631,000
Acetone . 30,000 78 | 450,000
Acetylene . . . ’ 113,000 280 —
Styrene ] 12,000 34 l 311,000
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TaBLE g

MODERN PLASTICS

SOURCES OF RAW MATERIALS

Plastic

Chemicals Involved

Source of Raw Materials

Phenol-Formaldehyde
Cresol-Formaldehyde

Resins

Phenol-Furfural Resins

Lignin-Formaldehyde

Urea (‘Thiourea)

Formaldehyde Resins

Melamine Resins

Alkyd Resins

. Phenol

Formaldehyde
Cresol

| Formaldehyde
- Phenol
" Furfural

|
I
|
i

Lignin

- Formaldehyde
i Urea (Thiourea)
. Formaldehyde

Melamine

. Formaldehyde

Glycerine
Phthalic Anhydride
Maleic Anhydride

. Coal Tar
- Coal Gas and Air, Wood

Coal Tar

| As above

" As above

As above
Agricultural Wastes; husks,
ete.

Agricultural Wastes; Sulphite
[liquor
Air; Coal Gas; Water (Sul-
As above [phur)
Cyanamide ex coal and lime-
As above [stone
Animal Fats (also petroleum)
Coal Tar (via naphthalene)

" Coal Tar (via benzene)

CELLULOSE PrLaAs1iCS
Cellulose Acetate

Cellulose Nitrate

Ethyl Cellulose

Cellulose

 Acetic Acid

Acetic Anhydride

. Cellulose

Nitric Acid
Lthyl Chloride

Cotton, Wood, Straw

. Coal via acetylene
© Natural gas via acetylene

As above

Air or Sodium Nitrate

Petroleum via ethylene, Coal
via ethylene, Agriculture
via alcohol (fermentation),
Brine

% Cellulose i As above
ViNYL PrasTics [ i
Polyethylene . Ethylene . Petroleum, Coal, Agriculture
i (fermentation)
Polystyrene . Ethylene As above
. Benzene Coal Tar

Polyvinyl Chloride

Polyvinyl Formal

Ethylene or Acetylene

: Hydrogen Chloride

Vinyl Acetate

Petroleum, Coal, Agriculture
Brine
Acetylene, Water

i Formaldehyde . As above
Polyvinyl Butyral . Vinyl Acetate - As above
i Butyraldehyde  Agricultural (fermentation)
Polymethyl ' Acctone . Agricultural (fermentation)
Methacrylate ! i Petroleum
¢ Sodium Cyanide » Coal
Polyacrylic Resins ‘ Ethylene As above
Polyamides Adipic Acid ! Coal Tar
[ Hexamethylene Diamine | Coal Tar
Casein ‘ Casein  Milk, Soya Beans
| Formaldehyde ! As above

Silicone Resins

Silicon Tetrachloride
Grignard Reagents

. Sand, Brine, Coal, Oil

|

This table does not take into account the vast quantities of accessory heavy and
fine chemicals involved in processing.
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T'ABLE 10
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UNITED STATES PRODUCTION OF CERTAIN SYNTHETIC RESINS IN 1947

| Production [Umt value
Product i Pounds | cents. /1b.

| |

Resins from cyclic compounds ’ ;
Total . . . . . t 738,000,000 | 28
Alkyd Resins . . i 283,000,000 | 36
Derived from coal tar | 252,000,000 28
Phenolic and Cresylic Resins ! - —
For moulding | 115,000,000 —
coatings . 31,000,000 ——
laminating | 40,000,000 —
adhesives ' 32,000,000 —

Resins from non-cyclic (ompoundv [

Total . 514,000,000 51
Urea Resins 112,000,000 33
For moulding 50,000,000 | —
adhesives 46,000,000 —
Polymerisation Resins — —
Polyvinyl Resins 177,000,000 39
Polystyrene . 106,000,000 27
Polyethylene 15,000,000 50
Polymethacrylic Resms 15,000,000 —

i
' 1,252,000,000

Total for Resins, 1947 -
Total for Resins, 1944 . .. 784,000,000 —_
Total for Resins, 1941 . o . 438,000,000 —

Total for Resins, 1938

130,000,000

i

The war has had a great influence on the expansion of the plastics
industry. The much wider utilisation of plastics for high performance
products has stimulated development to a considerable degree. To
give one example, polyvinyl chloride has in the past been a high-price
material. Shortages of standard plasticisers in Great Britain have
forced great efforts to use other materials. As a direct result of the
compounding skill attained, it is likely that polyvinyl chloride com-
pounds will be far cheaper than was thought possible a short time
ago.

Future Requirements of Raw Matenal As a consequence of
intensive work many new applications have been foreshadowed with
the corresponding indication of enormously increased use of plastics
in the future. The really large quantities which will be required make
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TABLE 11

Prastics MATERIALS ALLOCATIONS IN U.S.A.

1943 VOLUME (Prastics RESINS AND RAW MATERIALS)
“unit cost’’)

(all figures are in millions, except

Dollar unit,

Total Dollar
Pounds  cost per Ib. value
PHENOL-FORMALDEHYDE RESINS 2834 024 68-01
Methanol 832 00§ 416
Formaldehyde . 144°4 004 578
Hexamethylenetetramine 61 028 171
Benzene 1095 003 329
Phenol . 1095 o1l 12°0§
Substituted Phenols 44 015 006
Ortho-Cresol . 07 011 o-o8
Meta-Cresylic Acid 2'1 o°I1 023
m-p-Cresols and Cresylic Acid 17°5 018 315

Cresol and Cresylic Acid imported 1-8 - —
3I°11
CasEIN 417 025 10°43
Methanol . 076 0-05 0-04
Formaldehyde 15 0-04 006
010
AcryLic MONOMER AND RESINS 364 1-00 46:40
Methanot 221 00§ 1-11
PuTtnaLic ALKYD RESINS 147°1 030 4413
Phthalic Anhydrnde 490 | o013 | 6-37
Glycerine 2604 o117 4'49
i ‘ 10-86
VinyL RESINS 86-6 o615 t 53-267
Calcium Carbide 1090 | 0045 | 491
Methanol 160 | 005 | 01§
| 506

| s
POLYSTYRENE 35 032 | I'12
. |

Styrene 42 0-28 ! 118
Ni1TRO-CELLULOSE . 852 026 1 22°15
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TABLE 11—(contd.)
Prastics MateriaLs ALLocations 1IN U.S.A.
1943 Vorume (Prasrics RESINS AND RAw MATERIALS)
(all figures are in millions, except ‘‘unit cost’)

Total Dollar unit, Dollar
Pounds | cost per Ib. value
Lhemmal Cotton Pulp 246 009 J 221
Nitric Acid 409 00566 2:32
Sulphuric Acid 19:6 00164 032
485
ErnyrL CrLLULOSE 39 041 1-60
Chemical Cotton Pulp 41°2 009 371
Ethylene Dichloride 11°0 017 1-87
Caustic Soda 39 002 008
566

CeLLurose AceraTe AND C.AB. (cellu- —
lose acetate butyrate) . 60-2 058 3492
Cellulose Acetate and C.A.B. Flake . 2794 036 10058
Chemical Cotton Pulp 840 009 756
. Acetic Anhydride . 4236 011 46-60
154:74
Melamine Urea Resins 1236 0364 44'99
Methanol . §7°5 005 2-88
Formaldehyde 1150 004 460
Urea . 454 00375 1-70
Melamine 72 045 324
12:42
CELLULOSE ViSCOSE 794 045 3573
Chemical Cotton Pulp 952 009 857
Caustic Soda 102°1 002 2:22
Carbon Dlsulphlde 278 0'05 139
Sulphuric Acid 14370 00164 235
Glucose 397 00375 1-49

16-02




40 MODERN PLASTICS

the question of raw materials even more important. It seems certain
that the coal industry, which has been the mainstay of plastics production
in the past, would in any event be insufficient to meet future require-
ments. Consequently, the arrival of petroleum and agricultural products
as additional sources are likely to remove unnecessary anxiety on
this point.

Plastics having been put forward as excellent substitute materials
for metals and other things in short supply, it seems probable that a
large proportion of the applications will in the future continue to be
filled by plastics. Consideration of American production of plastics
over a number of years gives some indication of the great rate of growth
of the industry.

A comparable expansion has occurred in other countries, notably in
Germany and in Great Britain.

From the raw material point of view, the plastics industry must be
considered in relation to the other closely related industries, notably
the chemical industry, the rayon industry, and the synthetic rubber
industry, all of which are interested in similar raw materials. The
synthetic rubber industry in particular is likely to have enormous reper-
cussions owing to the large scale on which it is being carried out. The
manifold by-products come mostly into the plastics field.

The statistics published in the United States, when war-time con-
trols made precise figures available, give the clearest picture of
the relationship between chemicals and the plastics obtained from
them.

For a consideration of the raw materials it is advisable to examine
the main individual sources. These can be taken as coal derivatives,
petroleum derivatives, agricultural derivatives, and cellulose.

Coal as a Plastics Raw Material. For many years coal has been
the outstanding raw material in the production of chemicals employed
for most synthetic resins and plastics. Coal is freely available in large
quantities in the United States, Great Britain, Germany, and Russia,
being the source of many chemicals. At the present time it is still
unchallenged in the production of polyamides and phenolic resins.
In some other cases petroleum and agricultural materials are beginning
to exert a strong competitive action.

In its normal industrial handling, coal is converted into a number
of materials, the most important being light oil, coal-tar, coke and
water gas. All of these are concerned with the production of plastics of
one sort or another. The main ingredients which are derived from
coal-tar and light oil, are benzene, naphthalene, tar acids, and coumarone
resin fractions.
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A little styrene is also obtained.
Enormous quantities of synthetic resins have been produced from
these materials. Phenolic resins are made by the reaction between

TaBLE 12
SoME CoAL REQUIREMENTS FOR PrLastics (WAKEMAN AND WEIL)®3

PueNotic REsINS, 1941

Total Phenolic Resins . . . . 157,000,000 lb.
Based on Phenol . . . . 99,000,000 Ib.
Based on Cresol, Xylenol etc. . . . 68,000,000 Ib.
Phenol . . . . . 96,000,000 lb.
Cresols, Xylcnnls, ctc . . . 36,000,000 lb.
Coal required for phenol products . . 68,000,000 tons*
Tar acids for other type . . . . §7,000,000 tons*

NyLoN PRODUCTION, 1¢41

Production . . . . . . 8,000,000 lb.
Adipic Acid . . . . . . 5,000,000 lb.
Hexamethylene Diamine . . . . 4,000,000 lb.
Coal required (via Phenol) . . . 6,800,000 tons

POLYSTYRENE, 1941

Production . . . . 5,000,000 lb.
Coal required (via Benzene) . . . 1,600,000 tons

A1KYD RESINS

Phthalic Anhydride used . . . . 60,000,000 lb.
Naphthalene required . . . 55,000,000 lb.
Coal required . . . . . 24,000,000 tons

phenol or the homologues such as cresol, xylenol, etc. (also obtained
from coal-tar) with an aldehyde. The use of cresols and xylenols came
in only during the four-year war. In most countries, the demands for
phenol has outstripped the amounts which can be manufactured by
refining coal-tar distillates. As a consequence, synthetic phenol production
is already widely established. It is still substantially a coal activity, for
the starting material is again a coal derivative in the form of benzene.
In the United States in 1947 the production of plastics provided the
greatest outlet for phenol, representing more than 6o per cent of
production. In the United States at the present time only a fraction is
derived from coal-tar refining, while the remainder is made synthetically.

* Not additive.
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In 1947 about 30 million pounds phenol came from 625 million gallons
of coal-tar. In 1947 240 million pounds synthetic phenol was made,
involving 35-5 million gallons of benzene. Of this about 15 per cent is
made by the Raschig process, the remainder being made by other
“synthetic methods. There are indications that some of these materials
may in due course be derived from petroleum sources, especially as the
processes for aromaticisation of petroleum develop.

TABLE 13

MaxiMuM PossiBLE CHEMICAL Propucts FROM CoOAL CARBONISED IN
U.K. anp U.S.A.30

[ Coke ovens l Gas works U.S.A.

y .

[ Yield |, ‘lons Yield . ‘Tons Tons

1 1 !

‘ ! :
Coal . . .| Iton | 22,000,000 1 ton : 18,000,000 | 78,000,000
Coke | 12 cwt. ! 13,000,000 ' 10 CWt. . 9,000,000 | 47,000,000
Tar . . . 85 gal 1,000,000 11 gal. 1,000,000 | 3,600,000
Crude benzole I 36gal. | 300,000 3 gal. ' 200,000 1,100,000
Gas i 4o therms: 2,500,000 - 75 therms | 3,500,000 | 1,100,000

i Per cent Per cent
Methane* { 28 i 760,000 20 700,000 | 2,500,000
Benzenet S 60 : 180,000 50 100,000 650,000§
Toluenet . . 15 [ 45,000 12 2.4,000 130,000§
Styrenet . . ] 1 i 3,000 0§ 1,000 11,000
Indenet . .5 25 | 7,500 1 2,000 27,000
Naphthalene} . 7 | 70,000 1 10,000 100,000§
Tar acids} i 2 | 20,000 - 45 45.000 1.40,00c§

* Percentage based on gas yield.

+ Percentage based on crude benzole yield.

1 Percentage based on crude tar.

§ Figures based on actual recorded production.

Phenolic resins are employed in many forms of production. They
are used for moulding powders, casting resins, coating materials,
laminated products, and so on. There is every indication that their
use may continue to expand, especially with the arrival of injection
moulding, and their use as adhesives in the plywood industry.

It seems definite that the polyamide resins, i.e. nylon, are destined
for very large-scale production. As things are at present, so far as raw
materials are concerned, they are completely dependent on supplies
of phenol. The chief chemicals employed—adipic acid and hexa-
methylene diamine, both come from phenol. According to Wakeman
and Weil, 8 million pounds of nylon was made in 1941, requiring
5 million pounds of adipic acid, and 4 million pounds of hexamethylene
diamine. Already in 1947 nylon required 125 million pounds of phenol
and in 1948 almost 180 million pounds. Already difficulties in the
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supply of phenol have led to alternate processes for the production
of adipic acid. Even these are based on benzene, another coal-tar
derivative.

Benzene is, of course, a parent chemical for numerous other plastics,
which are of great importance. A leading example is polystyrene. Small
quantities of styrene are obtained in the refining of coal-tar products,
and these are converted into polystyrene. However, large-scale produc-
tion at the present time is dependent on synthetic methods. These are
based on ethyl benzene, which is produced from benzene and ethylene.

TABLE 14
REPRESENTATIVE YIELDS FROM THE D]STILLATION oF CoaL Tar
IN THE U.S.28
Distillates Percentage by Weight of Dry Tar

Naphthalenes . . . . 209
Phenol and Phenol homologs . . . . 22
Xylenes, cumenes, and isomers . . . . I'1
Coumarone, indene, etc. . . . . . 06
Crude benzene and toluene . . . . 03

Sub-total . . . . . . 251
Miscellaneous ' . . . . 302
Pitch (460°F. me]tmg pmnt) . . . . 447

Grand Total . . . . . 100°0

In 1941 5 million pounds weight of polystyrene was produced. In 1947
production was go million pounds. In Germany up to 1944 production
had for some time been of the order of 50 million pounds. However,
these figures are completely overshadowed by the 250 million pounds
per annum of styrene produced at the peak of the American synthetic
rubber programme. This involved the production of styrene from every
conceivable raw material, and placed great strain on the supply of
benzene. This synthetic rubber programme has had a great influence
on the development of polystyrene as a plastic. No other industrial
development has a comparable influence on any other synthetic product.
In the case of benzene the latest available figures emphasise its para-
mount importance. In 1947 out of a production of 1-2 billion pounds,
phenol required 235 million pounds, styrene took 280 million pounds,
while nylon required 125 million pounds.

Already, with the slackening off in the synthetic rubber production,
styrene is being made available to the plastics industry at remarkably
low cost (13 cents per lb.).
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It should be remembered, too, that phenol and cresol are consumed
in quite large quantities in the production of the plasticisers which are
so widely used for thermoplastics and cellulose plastics, notably tricresyl
phosphate, triphenyl phosphate, etc. Latterly shortages of intermed-
iates have led to a reduction in output of plasticisers. The output of
plasticisers in 1939 was 29,870,000 Ib.

TaBLE 15
UNITED STATES PRODUCTION OF PLASTICISERS%?
Production Production

Chemical 1,000 |b. 1,000 Ib.
1944 1946

Grand Total . . . . . 169,269 114,596

PLASTICISERS, Cveuie. Total . . . 138,955 83,839

Phosphoric acid esters: tricresyl phusphatc . . 13,552 10,348

Phthalic acid or anhydride esters. Total . . 98,945 57,925

Dibutyl phthalate . . . . . 45,915 12,643

Diethyl phthalate . . . . . 9,700 10,710

Dimethyl phthalate . . . . . 18,882 5,469

All other . . . . . . 24,508 23,520

All other cyclic pl.astlusere . . . . . 20,458 15,566

All others . . . . . . 24,508 23,520

PLASTICISERS, ACYCLIC. Total . . . . 30,134 30,757

Azelaic acid esters . . . . . 37 34
Citric acid esters: triethyl citrate . . . 539

Lauric acid esters . . . . . . 304 367

Oleic acid esters . . . . . . 3,148 4,379

Phosphoric acid esters . . . . 2,160 1,381

Sebacid acid esters: dibutyl sebacate . . . 5853 2,335

Stearic acid esters. Total . . . . . 3,074 5,881

Butyl stearate . . . . . 832 1,469

Glyceryl monostearate . . . . 1,001 2,088

All other . . . . . 1,181 2,120

All other acyclic plastxu%ers . . . . 15,139 106,344

Alkyd Resins. Another leading coal-tar product, naphthalene,
is almost as important as phenol and benzene as a raw material. For
the production of alkyd or glyptal resins is almost as large as the
production of phenolic resins. This consumption has grown from
almost negligible dimensions since 1925. Yet in 1941 the amount made
in the United States reached 128 million pounds based on phthalic
anhydride, and 9} million pounds based on maleic anhydride with
naphthalene as the other component. These are produced by oxidation
of phenol and benzene respectively. In 1941 60 million pounds of
phthalic anhydride were used, derived from 55 million pounds of
naphthalene, in turn obtained from 24 million tons of coal. In 1947
the alkyd resin output was 283 million pounds.
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In 1945 260 million pounds of naphthalene were obtained, of which
170 million was converted into phthalic anhydride.

The staggering increases in demands for these materials, which are
also very widely used for plasticisers, has led to notable shortages of
naphthalene. These shortages cannot be met in present conditions and
further expansion is limited by this factor. Once again there are dis-
tinct possibilities that naphthalene will be produced from petroleum
products by aromaticisation processes. The production of phthalic
anhydride from o-xylene derived from petroleum is already well
advanced. 32

Water Gas as a Source of Plastics. Water gas is obtained
mainly by passing steam over coke. It is a most important source of
formaldehyde which is a primary essential raw material for the plastics
industry. Thus coal serves not only as the main source of phenol,
cresylic acid and synthetic phenol, but also as the main source of the
other chief constituents of thermosetting resins.

Formaldehyde is made in limited amounts by direct oxidation of
natural gas. It is produced mainly, however, by oxidation of synthetic
methyl alcohol, which is produced from water gas. A proportion of
methyl alcohol is obtained from water gas derived from methane. In
1945, in the United States, total formaldehyde production was of the
order of 485 million pounds, while in 1947 it exceeded 60o million
pounds. About 243 million pounds was consumed in resins.

Formaldehyde is important in a number of other plastics activities.
For example, it is used to harden casein plastic. A similar application
is the conversion of casein into artificial wool, which is a large-scale
production in the United States. Formaldehyde features in the newer
melamine resins. It is used in the production of polyvinyl formal
resin, a material which is acquiring great importance for coating and
electrical purposes.

Besides formaldehyde, methyl alcohol is used in the production of
other materials which go to the manufacture of plastics. By high
pressure reaction with carbon dioxide, methyl alcohol yields acetic
acid employed on a large scale in the manufacture of cellulose
acetate. Carbon monoxide from water gas may be converted into
a formate employed on a large scale in the manufacture of cellulose
acetate.

Carbon monoxide from water gas may be converted into a formate
which, withammonia, yields formamide. Thisis dehydrated to hydrogen
cyanide used to produce acetone cyanohydrin, which is then converted
to methyl methacrylate. The use of this when polymerised to synthetic
resin is increasing very rapidly.
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Coke itself serves directly as a source material for a very large
number of synthetic organic chemicals, which are of primary im-
portance to the plastics industry. Coke is converted by heating with
limestone in an electric furnace into calcium carbide. This in
turn provides acetylene and calcium cyanamide. Cyanamide is a
leading material in the production of acrylic nitrile. This is employed
on an increasing scale to produce oil-resisting synthetic rubbers, such
as Perbunan and Hycar.

Calcium cyanamide is the chief source of dicyandiamide which may
be converted into melamine. Melamine reacts with formaldehyde to
give the melamine resins. These have already attained great importance
which is steadily increasing.

Acetylene—A Basis of Present-day Plastics. At the present time
acetylene obtained from calcium carbide is the chief source of ethenoid
resins, butadiene, chloroprene and accessory chemicals for plastics.
Acetylene is also obtained in large quantities from coal hydrogenation,
petroleum wastes, etc. It is one of the most important industrial
chemical raw materials. Until recently it has been neglected in this
country.

For many years the Germans have concentrated on the use of carbide
as a source of numerous chemicals, notably acetaldehyde, acetic acid,
and numerous other derivatives. It is one of the mainstays of their
chemical industry. It is certainly the backbone of their plastics in-
dustry and their synthetic rubber industry. Prior to the war they werc
consuming 600,000 tons per.year. At the peak of their production in
1944 they produced at the rate of 1,320,000 tons per annum. Before
the war Great Britain normally imported about 60,000 tons per year.
British production of carbide was 3,100 tons in 1941, but 85,500 tons
in 1946. 4

Among leading important industrial materials obtained from acety-
lene and having an important influence on plastics activities are:

Acetic acid, which is important for so many chemical industries
including rayon, plastics, dyestuffs, explosives, etc.

Ethyl alcohol, which is necessary as a solvent for dyestuffs, chemicals,
explosives, motor fuels, etc.

Acetone, which is essential for explosives, for lacquers, and in-
numerable chemical processes.

Ethyl acetate, which is a leading solvent.

Trichlorethylene; and a host of other synthetic chemicals, plasti-
cisers, solvents, etc.

Acetaldehyde is easily converted almost quantitatively into acetic
acid. Vinyl acetate is made by passing acetylene into a solution of
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acetic acid containing catalysts. Synthetic glacial acetic acid is being
CH = CH + H,0 -» CH,CHO

produced in immense quantities for the manufacture of cellulose acetate
rayon, plastics, dopes, and films. It is used to make cellulose mixed
esters such as cellulose acetobutyrate; it goes into the manufacture of
polyvinyl acetate. These are quite apart from its important applications
as a solvent and as a source of other valuable solvents and plasticisers.

Large quantities of acetic anhydride are also required by the acetate
rayon and plastics industry. It is derived from acetic acid. In 1945
about 293 million pounds of acetic acid and 526 million pounds acetic
anhydride were produced in the U.S. Catalytic processes of production
have streamlined the manufacture. Several different processes are in
commercial operation. The leading form of production is that based
on the catalytic dehydration of acetic acid vapour. The use of a catalyst
in the presence of a diluent make it possible to obtain acetic anhydride
directly by oxidation of acetaldehyde. A plant with a monthly capacity
of over one million pounds of such a process is in operation in Canada.?3
In the United States, a pyrolytic process for obtaining acetic anhydride
from the acid has recently been put into operation.2!

Acetylenc is the parent material of numerous leading plastics,
including the leading ethenoid resins such as polyvinyl chloride, poly-
vinyl acetate, etc. It is a source of vinyl acetylene, from which chloro-
prene is made, and of other polymers which have attained commercial
significance. It is also the source of acetylene black, one of the leading
filling materials in a number of industries, including rubber.

The importance of the carbide industry to plastics and industry in
general has often been stressed. A brief discussion of the subject may
not be out of place here. .

The Manufacture of Calcium Carbide. The commercial manu-
facture of calcium carbide was started towards the end of the last
century, and is now the largest consumer of energy in the electric
furnace industry. The chief considerations in establishing a carbide
factory are supplies of raw material which consist of limestone and
coke or anthracite, and an abundant supply of cheap electric power.?
The latter item contributes the chief cost factor. It is found that many
large carbide factories have been set up on sites where cheap hydro-
electric power is available. The preparation of raw materials is a
matter of some importance owing to the high temperatures involved.
Limestone, which is calcium carbonate, is heated at a very high tem-
perature in lime-kilns to drive off carbon dioxide. The present-day
practice employs lumps of lime reduced to pieces from 1 to 2 inches in
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size, while coal is reduced to pieces between } and } inch mesh. The
ingredients are mixed in proportions of about 100 parts of lime to
65 parts coal. The electric furnaces used are of special construction
and have to withstand temperatures up to 3,000° C. Enormous elec-
trodes are employed, ranging up to sizes of about 22 inches square. It
is said that the progress in the design of electric furnaces for high
temperatures follows developments in carbide manufacture.

As a result, manufacturing plants are chiefly located where there is
unlimited water power. Norway and Sweden have been the chief
European producers, although requiring to import coal. Until the war
Great Britain was almost the only industrial country without a carbide
industry, although possessing all the conditions necessary. The ad-
vances in the production of thermoplastics have largely come about
because of this extensive manufacture. Correspondingly, the absence
of such activity has led to neglect of the newer plastics, as in
Britain.

In 1942 German carbide capacity was 1,320,000 tons per annum.
Something over half this quantity was applied to “‘acetylene chemistry.”

The actual production of carbide involves heating a mixture of lime
and coal in electric furnaces by means of the electric arc. Extremely
high currents are passed through built-up electrodes, Soderberg con-
tinuous electrodes appear to be generally used now in all parts of the
world. This is a light steel casing containing a carbon paste. This is
fed continuously into the furnace at the rate of 40 cm. per 24 hours. One
typical modern plant, for example, using 23,000 kilowatts and a single
three-phase supply three-phase 50 cycles with 180 volts across elec-
trodes. The temperature reaches 3,000°C., when a fluid melt of carbide
is formed and may be tapped off. The batch size is of the order of
four tons in the most efficient plant, the furnace being continually fed
with fresh materials. The largest commercial units produce about 200
tons per day. One ton of carbide requires 3,300 units of current for its
manufacture, including the amount required for crushing, grinding, and
all other processes.

Large capacity carbide plants are features of the enormous German
synthetic rubber-manufacturing units.

The following account by Ambros? of the process carried out at the
enormous Schkopau Buna Works gives some idea of the principles
adopted.

Acetylene Production. “Carbide is manufactured at a large car-
bide works. The notable things about this factory, which has the most
modern carbide furnace in the world, includes the amazing freedom
from dust, which is carried away by a very comprehensive and efficient
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equipment. Another noticeable feature is the great extent to which
mechanising and automatic control of the various furnace processes
has been carried. The furnaces are fitted with external instruments
which control all measuring, mixing, and regulating equipment, all of
which are simultaneously co-ordinated, being supervised by specially
skilled operatives. For example, the movement of the electrodes, the
addition of coke and lime, etc., are all adjusted by these external con-
trols. The mighty furnaces work continuously, the power being
obtained from mid-German brown coal; the resulting carbide comes to
the ovens as a molten white fluid, and enters a sealed water-cooled
inclined conveyor, on which it cools down, and in so doing breaks into
small pieces, so that at the end of the run cooled and crushed carbide
is obtained.

“'T'his carbide is ground to powder in a separate mill, and then goes
to the gassing chamber, which works so that gassing is carried out
without the formation of sludge, as a result of which dry, finely-
powdered lime remains. This gassing chamber is also full mechanised,
being operated by a few skilled men with the help of centralised con-
trols. 'The remaining spent lime is partly used for agricultural purposes,
while part is regenerated by burning and is used once again in the
furnace. In this manner it has become possible to utilise a considerable
portion of reclaimed lime in the manufacturing process.”

The major production is, of course, butadiene, for synthetic rubber.
Acetylene is obtained from carbide by addition of water. For the
manufacture of butadiene the next step is to produce acetaldehyde.
The manufacture of acetaldehyde from acetylene is carried out by
passing acetylene into a dilute sulphuric acid solution containing a
catalyst generally composed of mercury salts. This is one of the
fundamental reactions of industrial chemistry. This is the basis of the
major portion of Germany’s large-scale production of Buna synthetic
rubbers.

Apart from the carbide process, the Germans produced about 5,000
tons per month of acetylene by the electric arc process at Hiils. There
were three sources of raw material:

(a) Natural gas, mainly composed of methane.

(b) Coke-oven gas which had passed through a deep refrigeration
system—the Linde process.

(¢) Refinery gases.

The gas is passed into an electric arc formed by 6,000-volt A.C. 50-cycle
current converted in a mercury rectifier to 7,000 volts D.C. at 7,000
kilowatts. Each arc uses 7,000 kilowatts and produces 4,200 cubic
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metres per hour product. Power consumption is about 4 kWh. per Ib.
crude acetylene and about 5 kWh. per Ib. pure acetylene.

!
PRIMARY ELECTRODE (1

BN D

COLD WATER FEED

PLAN SHOWING FEED

Fig. 19. Electric arc process for acetylene

The plant contained fifteen sets of arcs. Each set consisted of one
mercury arc rectifier for converting alternating to direct current and
two arc-reaction tube units. Only one of these, however, was on stream
at any time, the other being held as a standby.
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The arc operated at 1'5 atmos., 1,000-volt direct current, a reaction
tube terminal temperature of 1,600°C. being reached; 7,000 kilowatts
were required for a gas input of 2,800 cubic metres per hour. The
conversion per pass was 50 per cent and the ultimate yield was acetylene
45 per cent, carbon black 5 to 6 per cent, and from 2 to 10 per cent
of ethylene, depending on conditions. The production per arc was
approximately 15 tons of acetylene a day.

T'he arc reaction tube unit used is shown in the figure. The high
voltage lead to the primary electrode, which was made of copper, entered
at the top. The clectrode was jacketed for water-cooling and insulated
with porcelain.

The feed gases entered tangentially, circulating round in a circular
space in the expanded head section and passed through vertical slots
to the arc zone at the centre and then down to the reaction tube. 'T'his
produced a high velocity swirling action and so prevented the electrode
burning out or carbon disposition. 'The second electrode consisted of
a copper gasket at the head of the reaction tube, and was earthed. An
auxiliary electrode was used for starting up.

After quenching the exit gas from the reaction tube to 150°C. (dew
point ¢2°), it was then passed through two cyclones in which from
60 to 70 per cent of the total carbon black present was deposited. '['he
gas was sprayed with water in a wash tower and passed through bag
filters to remove the residual black, the bags being heated to prevent
condensation. The gas was then sprayed with water at 20 to 25°C. to
bring the temperature of the gas below the dew-point and so deposit
most of the water carried in the gas.

After removing the higher boiling constituents by counter-current
washing in an aliphatic oil, the gas was compressed to 19 atmospheres
and absorbed in water in perforated plate towers. The acetylene was
then stripped from the water by four stage flushings to a final pressure
of o-o5 atmospheres absolute.

The gas obtained from the first stage was too low in acetylene (45 per
cent), and this was therefore recompressed and recycled through the
absorber. The gas from the second, third, and fourth flushes, however,
was brought together as crude acetylene of go per cent purity. It was
brought up to 97 per cent concentration by (i) low-temperature con-
densation and evaporation, using liquid ammonia, and (ii) scrubbing
with a petroleum distillate which removed the higher acetylenes. Carbon
dioxide was then removed by scrubbing with caustic soda solution to
give a final purity of 97 to g8 per cent.

Oxidation of acetaldehyde yields acetic acid. Vinyl acetate is made
by passing acetylene into a solution of acetic acid containing catalysts
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The United States is a large producer of calcium carbide. As a result,
the firms concerned have played a leading part in developing thermo-
plastics of the vinyl type. For example, the Carbide and Carbon
Corporation, specialising in carbide production was responsible for the
first large-scale commercial production of polyvinyl chloride and its
copolymers in the form of Vinylite products. In a similar manner
Shawinigan Corporation in Canada has been largely responsible for the
development of products such as polyvinyl acetates, alcohols, formals,
acetals, etc.

B. F. Goodrich Co. have a very large plant at Niagara, where the
variety of polyvinyl chloride known as Geon is prepared.

It is interesting to note that the United States firms would not
launch out into synthetic rubber production on an acetylene basis.
With all their resources of lime and coal and unlimited cheap electrical
power, they held back. There is much evidence to show that they were,
nevertheless, extremely interested in the possibility, being cautious
merely because of the developments with petroleum products which
they knew lay ahead.

It is evident that acetylene can easily be converted into ethylene by
hydrogenation. Ethylene is the basis of numerous important plastics.
It is also prepared by dehydration of ethyl alcohol which is easily
obtained from acetylene via acetaldehyde. Ethylene is also available in
vast quantities in coke-oven gases although this source has not yet been
exploited as a source of plastics.

Acetone is of outstanding importance in plastics activities in every
sense—i.e. as a raw material, as a solvent, and as a chemical inter-
mediate. Although obtained from a number of sources, one of the chief
is from acetylene. It is made by direct action of acetylene and steam.
Acetylene and a large excess of steam is passed over a zinc oxide—iron
oxide catalyst—contained in reaction tubes maintained at constant high
temperature by means of molten salt. It can be obtained indirectly
from acetylene by first making acetic acid. This is then passed over
heated lime. Acetone is a parent material in the production of methyl
methacrylate resins.

Reppe Chemistry.4® The Germans have devoted a tremendous
amount of attention to the possibilities of acetylene. The work of Reppe
has overshadowed all other work in this field. So much so that acetylene
chemistry is known as ‘‘Reppe Chemistry”.

The production of vinyl chloride and vinyl acetate by combining
acetylene with hydrochloric and acetic acids respectively is well known.
Reppe has extended this process to a wide range of alcohols, thioal-
cohols, amines and carboxylates, and has shown that the reaction is
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quite general. In the presence of alkaline catalysts acetylene is intro-
duced between hydrogen and oxygen, sulphur, nitrogen or COO’
whereby vinyl ethers, sulphides, amines, and esters are produced. Thus
to make vinyl methyl ether, acetylene is bubbled through methyl
alcohol at 160°-200° in the presence of 19%-2Y% of potassium
alcoholate, the pressure being maintained high enough to prevent
boiling.
CH, OH4 CH=CH — > CH,0.CH=CH,
Vinyl methyl ether

This material is of considerable interest since it can be hydrolised
with water to yield acetaldehyde and methyl alcohol. 'T'his has advan-
tages over the standard method. It also offers an alternative synthesis
for butadiene and synthetic rubbers.

Returning to Reppe’s acetylene chemistry, the next important type
of reaction is that leading to the production of triple-linked “ethynyl”
compounds. Here the most startling feature is the use of copper and
silver acetylides as catalysts, thesc compounds having formerly been
avoided because of their explosive properties. The interaction of
acetylene and formaldchyde indicates how the method provides im-
portant intermediates.

CH,0-+CH=CH —— CH=C.CH,OH
propargyl alcohol
2CH,0 {-CH=CH —-- HO.CH,C=:C.CH,OH
butyne diol

Similar reactions occur with ketones, e.g. acetone, and with certain
amines, e.g. dialkylamines, whereby triply unsaturated compounds
result.

Butyne diol is clearly an extremely important intermediate, and was
made on a large scale at Ludwigshaven. It can readily be hydrogenated
to yield 1:4 butylene glycol, which in turn can be converted by
dchydration to butadiene (for synthetic rubbers) either directly or
through tetrahydrofurane. .

HO.CH,C=C.CH,0H
— HO.CHz.CIIHz.CHz.CHZOH —-»CH,~—CH,
l |
J CH, CH,
N S
CH,=CH—CH=CH, —+ o)

Tetrahydrofurane is a valuable solvent, particularly for P.V.C., but
in addition to this it can be reacted with carbon monoxide and water



RAW MATERIALS FOR PLASTICS 57

to give adipic acid. In this way, a new route is provided for nylon
production.
CH,—CH,
CH,—CH,—CO0H
0 +2C04 H,0—— |
/ CH, -CH,—COOH
CH,—CH, adipic acid
Propargyl alcohol is a useful starting point for allyl alcohol,
n-propanol and propionaldehyde, or it may be dimerised in the
presence of oxygen and cupric chloride to give hexadiynol.

CH=C.CH,0OH—->CH=:CH.CH,OH - - CH,.CH,.Cl{,0H

allyl alcohol n-propanol
2CH=C.CH,0H — -HO.CH,Cz=C- (=C.CH,0H
hexadiynol

Hexadiynol can, through hexanediol, lead to caprolactam, an interesting
intermediate in the production of modified polyesteramides.

Space forbids full details of all the possibilities opened up. Obviously
the changes can be rung indefinitely by employing other aldchydes,
e.g. acetaldehyde, amines, ketones, etc. Polyhydroxy compounds have
evident value in alkyd resin production, etc., and in polyurethane syn-
theses. Reppe has found a simple route to acrylates through the
interaction of acetylene, carbon monoxide and water, thus:

CH=CH+ CO | H,0— ~CH,=CH.COOH
If water is replaced by alcohols, then esters result. Furthermore, he
has produced pyridines and pyrrolidine derivatives by the action of
ammonia or amines on tetrahydrofurane.

CH,—CH, CH,—CH,
N0 4NH— \/ NH- H,0
CH,—CH, CH,—CH,

One further point is the discovery that acetylene, when polymerised,
need not necessarily follow the Nieuwland reaction leading to vinyl

CH,—CH,
i N
yam\N CH, CH,
| +4Hy, — | |
_ CH, CH,
cyclooctatetraene AN
CH,—CH,
cyclooctane
oxidation CH,.CH,.CH,.COOH
—
CH,.CH,.CH,.COOH

suberic acid
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acetylenes. It can under suitable conditions give an eight membered
ring, cyclooctatetraene. Apart from providing a simple general route
to an industrially novel set of compounds cyclooctatetraene can be used
specifically, through hydrogenation and oxidation, as a method for
preparing suberic acid.

RAW MATERIALS—PETROLEUM

Oil as a Source of Synthetics. The immediate future of plastics
is closely connected with petroleum. It is of interest to note that in
1941 the plastics industry consumed intermediates which required as
raw materials some 700 million cubic feet of natural gas for methane,
2-g billion cubic feet of propane and ethylene, 270 million cubic feet of
propane-butane mixtures, 70 million cubic feet of propylene, and 150,000
barrels of petroleum. Enormous quantities are used in the production
of synthetic rubber. This is due to the fact that the necessary raw
materials may be obtained from this source at a remarkably low cost.
The United States, as the world’s greatest oil producer, is obviously
favourably placed in this respect. This position may change as American
resources become exhausted. Other countries which have large supplies
of oil available are shown in Table 16.

Tugendhat3? has stated in relation to a possible British refining in-
dustry with a capacity of 5,000,000 tons per year that: “in addition to
over 4,000,000 tons of liquid and solid products there would be between
240,000 and 500,000 tons of gases. Without dehydrogenation or
aromatisation the yields of unsaturates, mainly ethylene, propylene and
butylenes, could be between 120,000 and 200,000 tons. These yields
would be considerably increased by dehydrogenation. By a new
aromatisation process which has been developed in Britain, using
naphtha or gas oil as starting material, it would be possible to produce
from each 100,000 tons feeding stock approximately 25,000 tons of
unsaturated gases, ranging from ethylene to butylenes, 30,000 tons of
low and medium boiling pure aromatic liquids, such as benzol, toluene,
xylene, naphthalenes, etc., the remainder being methane and ethare
and a small fraction of heavy tar and coke.

Looking at these materials from the point of view of the plastics
industry, I may say that it would be possible to produce many tens of
tons of thickol, polyvinyl chloride, styrene, methacrylates, glycols,
glyptal resins, benzol for phenols, etc., not forgetting butadiene,
acetone, acetic anhydride and a goodly number of various solvents,
plasticisers, varnish bases and drying agents.”

Large scale production of chemicals from petroleum is already under
way in Great Britain at four new plants.
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TABLE 16
PERCENTAGE PRODUCTION OF PETROLEUM BY COUNTRIES, 1947

Per cent
United States . . . . . . . . | 63
Other countries (Russia, Mexico, South America, Iran, Iraq) | 35°5
British Commonwealth { 15

TanLe 17
WorLp CRUDE O11. PRODUCTION, 1947

1,000 barrels

World Total . . . . 3,159,000
United States . . . 1,988,100
Venezuela . . . . 435,100
U.S.S.R. . . . . 197,600
Iran . . . . . 155,000
Saudi-Arabia . . . 89,900
Mexico . . . . 50,500
Iraq . . . . . 35,400
Roumania . . . . 28,900
Colombia . . . . 25,700
Argentina . . . . 21,900
Trinidad . . . . 20,500

It is unnecessary to stress the general importance of oil. As in the
case of coal, its primary function is as a source of power. An ever-
growing number of commercial materials have been obtained from
coal via coal-tar for many years but a similar trend set in for petroleum
derivatives. The potentialities as a source for synthetic resins and
synthetic rubber, etc., add further to its importance.

Dunstan has admirably summarised the position:!!

“Although, without doubt, the principal use of petroleum will
always be as a source of fuel, lubricants and road-surfacing asphalt,
chemical developments in recent years have opened up entirely new
vistas of usefulness. The chemist views petroleum not only as a mixture
of petrol, kerosene, etc., but as an assembly of carbon and hydrogen
atoms put together by nature like so many bricks to form edifices of
certain specific designs known as paraffins, naphthenes and aromatics.
He realises, moreover, that it is possible to break down these structures
which may be useful only as fuel, into their component bricks and with
these bricks to reconstruct new edifices of a design and pattern suitable
for quite different purposes. For example, by demolition of heptane,
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one of the hydrocarbons in petrol, and the regrouping of the carbon
and hydrogen it contains, it is entirely possible to build toluene for
explosives or styrene for flexible glass or butadiene for synthetic
rubber.

By combining these derived hydrocarbons with oxygen there can be
made alcohol, glycerol and acetaldehyde, the parent materials for the
newest types of synthetic textiles, ornamental moulded plastics, resins,
paints and varnishes, synthetic rubbers, flotation agents, insecticides
and detergents. In effect, all the well-known products known of old as
originating from coal-tar are obtainable from petroleum bricks.”

As petroleum is a major source of olefines, notably ethylene, it is not
surprising that the industry should become interested in the growing
field of synthetic resins. But as Frolich!® has pointed out, “‘Because of
its general set-up, the petroleum industry is, as a rule, dependent upon a
relatively large scale of operation to obtain the full advantage of its law
potential manufacturing costs.” So that unless some great industry is
affected, progress cannot be very rapid. Obviously, synthetic rubber
is a major field offering scope for such large-scale operations. Thus the
activity with synthetic rubber is likely to bring in its trail the other
profound developments with synthetic resins. Without it their progress
would be greatly retarded.

Frolich has drawn up the following list of products connected
with the general aspect of synthetic rubber which are either now being
manufactured wholly or in part from petroleum products, or for which
the petroleum industry would be able to supply raw materials.

1. Natural petroleum resins by light hydrocarbon precipitation.

2. Cracking-coil tar resins by condensation of highly condensed
petroleum hydrocarbons, such as those which are present in the
tar bottoms from the cracking operation, with formaldehyde or
ethylene chloride.

3. ‘“‘Santoresin” by reaction of olefines and diolefines in the presence
of aluminium chloride.

4. Polystyrene by polymerisation of styrene, which may be pro-
duced from ethylbenzene made by alkylation of benzene with
ethylene.

5. Polybutylene by polymerisation of unsaturated gaseous hydro-
carbons to give substantially linear polymers ranging in con-
sistency from that of a viscous oil to rubbery materials with
molecular weights as high as 300,000.

6. “Buna” rubber and similar products by polymerisation of buta-
diene made from acetylene or from n-butylenes.
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7. Neoprene rubber by polymerisation of chloroprene derived from
acetylene.

8. ““Thiokol” by condensation of sodium polysulphide with ethylene
dichloride or other chlorine-containing derivatives.

9. Polysulphones by reaction of olefines with sulphur dioxide.

10. Vinyl resins by polymerisation of vinyl chloride and vinyl
acetate derived from acetylene or ethylene.

11. Phenol-formaldehyde resins by condensation of formaldehyde
with phenols.

12. Alkyd resins by reaction of dibasic acids with polyhydric alcohols
—e.g. ethylene glycol and diethylene glycol, from ethylene, and
glycerol which may be prepared from propylene.

13. Ethylcellulose by reaction of cellulose with ethyl chloride, or
diethyl sulphate produced from ethylene.

14. Cellulose acetate by reaction of cellulose with acetic anhydride,
which may be derived from ketene obtained by thermal decom-
position of acetone produced by dehydrogenation of isopropyl
alcohol.

15. Acrylate and methacrylate resins derived in various ways from
olefinic compounds.

But particularly in regard to all these activities it has been shown
time and time again that so many factors are changed when small-scale
results are transferred to commercial unit operations that it is not safe
to base commercial operations on small-scale results. This is another
reason why full-scale operations with synthetic rubbers have profoundly
influenced plastics.

Waste in the Oil Industry. The history of oil is probably the most
outstanding example of waste. And nowadays whenever there are
wastes there is an almost automatic implication of plastics. From the
time of its discovery in the United States in 1859, oil was prized most
highly because of its kerosene content, becoming the fuel for oil lamps.
All the low boiling fractions were regarded as a dangerous nuisance
and were dumped. The high boiling fractions were equally useless.
The arrival of the internal combustion engine in due course completely
changed this situation, so that kerosene became very much a secondary
material. The once embarrassing fluid now acquired paramount im-
portance as a motor fuel. To bring the matter into its right perspective
it is estimated that manufacturing cost of petrol in the United States
is about 3 to 4 cents per gallon, while to produce it from coal costs
about four times this amount.

As the number of motor-driven vehicles expanded at a terrific rate,
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petrol production could not keep pace with the demand (incidentally,
nor could rubber production). The direct distillation method of
production was terribly wasteful and inefficient. A shortage appeared
imminent. The first step forward came in 1912, when the Burton®
process of cracking was introduced. Not only was this epoch-making
as regards motor-spirit production, but it also marked the beginning
of synthetic processes, catalytic methods, etc. With each improvement
the amount of waste has decreased, and all sorts of by-products have
appeared.

Composition of Petroleum. Petroleum consists of a mixture of
hydrocarbons whose composition varies with place of origin. It may
contain members of the paraffins, together with cyclo-paraffins and also
aromatic hydrocarbons. Nearly always associated with petroleum are
gaseous paraffins known generically as “‘natural gas.” Straightforward
rectification of petroleum yields:

Petrol or gasoline or motor spirit, up to 60°C., consisting of pen-
tane and hexane.

Benzine distilling up to 9o°C., made up largely of hexane and
heptane.

Ligroin distilling up to 120°C.

Kerosene boiling between 150°C. to 300°C.

Heavy oil distilling above 300°C. used for lubricating oils and
petroleum jelly.

Tars, asphalts, etc.

Natural Gas. A great deal has been heard about “natural gas.”
Natural gas consists of a mixture of gaseous paraffins, chiefly methane,
ethane, propane, butane and isopentane. Wherever petroleum is
found there is generally a certain amount of natural gas about. How-
ever, the gas does occur frequently alone without any associated
petroleum. There are many seemingly unlimited subterranean reser-
voirs which when tapped blow off in a spectacular manner. Enormous
amounts are available in the United States and in the U.S.S.R. In the
United States about 45 per cent comes from oil wells. For many years
all natural gas was allowed to blow off to waste into the air.

This natural gas is expected to be a primary source of raw materials
for synthetic resins and synthetic rubbers. In recent years a certain
amount has been stripped for petrol. In the United States, for a
number of years, a large proportion of natural gas has been used to
perform the functions carried out by coal gas. There is a network of
natural gas pipe-lines spreading all over the American continent. In
other countries this activity is more localised.



RAW MATERIALS FOR PLASTICS 63

In spite of these applications of natural gas, the major portion of
available gas is still being wasted into the atmosphere. As raw material
for any products it is there for the asking. It is not to be wondered
that the petroleum concerns are interested in the possibilities which
may lead to major uses. According to Grosse and Ipatieff,!¢ there is
available in the United States annually from all sources 300 billion
cubic feet of ethane, 120 billion of propane, and 7o billion cubic feet
of butanes.

‘TABLE 18
THE MAIN CONSTITUENTS OF NATURAL Gas!l

Methane . . . —182 - 161
Ethane . . . —172 | — 8§
Propane . . . —187 - 42
n-Butane . . . —135 | — o6
iso-Butane . . . —145 | — 10
n-Pentane . . . l— 37

The processes which lead to these products, which may form the
basis for synthetic resins, are briefly as follows:

Cracking Processes with Oils. Cracking is a heat treatment
which converts hydrocarbons of relatively high boiling points and high
molecular weights into materials of lower boiling points and low
molecular weights, suitable for use as motor spirit. It results in an
increase in the amount of total motor spirit obtained from crude oils.
These oils may be cracked under high pressure in the liquid form,
or at higher temperatures as gases. Invariably large quantities of
gaseous products are obtained, consisting mainly of olefines and some
diolefines.

Cracking Processes with Gaseous Hydrocarbons, i.e. Natural
Gas. Gaseous hydrocarbons are submitted to high temperatures when
dehydrogenation occurs with the formation of olefines. The paraffins
tend to produce simpler molecules of the corresponding olefine, some-
times lower paraffins and often hydrogen. Thus, with the exception of
methane, the paraffins such as ethane, propane, n-butane, and iso-
butane, yield olefines such as ethylene, propylene, and four isomeric
butylenes.

The decomposition takes hours at 400°C., but only seconds at
800°C. It is very profoundly influenced by catalysts, such as chromium
oxide, molybdenum oxide, vanadium oxide, together with aluminia or



64 MODERN PLASTICS

magnesia, activated charcoal, zinc-chromium alloy, etc., all of which
facilitate dehydrogenation at lower temperatures, about 350°C.

The following account by Grosse, Morrell and Mavity!? clearly
explains the position:

The dehydration of the paraffin gases of the corresponding olefines
is the problem of fundamental importance to the oil industry. The
technical problem of efliciently converting gaseous olefines into liquid
motor fuel has been solved within recent years by both catalytic and
purely thermal processes. Therefore, a process for the conversion of
paraffins into olefines would put to good use all the paraffin gases
except methane. These gases are available in enormous quantities from
such sources as natural gas, and gasoline, petroleum, petroleum gas,
gas from the cracking processes, coke-oven gas, and refinery gasoline.

A catalytic dehydration process has been developed for converting
normal and isobutane, propane, butane and ethane to the corresponding
olefines. Briefly the process consists in passing the pre-heated gases
over a suitable catalyst. The outgoing gases contain olefine and hydro-
gen besides the unreacted original paraffins. The olefines are poly-
merised or used in alkylation. The hydrogen is separated and the
unreacted original paraffins are recycled.

The plant consists essentially of a furnace, banks of catalyst reactors,
and hydrogen separation units. Automatic controls alternate the flow
of paraffin gases first through the furnace and one section of reactors,
and then through another, while the catalyst is being regenerated in the
first section. The regeneration consists in passing automatic control
amounts to air mixed with composition gases or steam to burn off the
carbon on the catalyst at a moderate composition temperature, usually
below goo°C. A feature of the process is that the length of operating
cycle is short, usually of the order of one hour. The advantages of
the catalytic process over purely thermal cracking are the much larger
overall yields of the corresponding olefines and a much higher reaction
velocity.

According to Frey and Hepp!? the reactions which occur and the
yields which are obtained under different conditions are illustrated
in Table 19.

Conversion of Paraffins to-Olefines. In fact, the paraffins, with
the exception of methane, can be catalytically dehydrogenated to the
corresponding olefines according to the general reaction:

C.Hyppy o » C,Hpp4-Hy

In this manner, and in almost every treatment of petroleum fractions,
vast quantities of a whole range of olefines can be obtained. There are
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other processes such as alkylation, isomerisation, etc., but these have
not such a pronounced bearing on synthetic rubbers and plastics.

To maintain the sense of proportion it should be added that hitherto
the main urge has all the time been to produce more motor spirit.
Indeed, during the last twenty years, the amount of petrol obtained

TaBLE 19
CONVERSION OF PARAFFINS TO OLEFINES
REACTION YIELD OF OLEFINE
CHy3.CHy; ——> CHp== CH, + H, 100%
ETHANE ETHYLENE
CH3.CH3.CH, ———3> CH3.CH = CH, + H, 45 %o
PROPANE PROPYLENE
———> CH,p= CHjp + CHa 55 %o
. METHANE
CHa.CH,.CH, CHy ———> CH3a.CH,.CH = CH, + Hop 12°%o
n-BUTANE 1- BUTENE
—— CH3CH=CH.CH,4 + Hy 12%
2-BUTENE
—— CH3‘CH=CH2 + CH4 50°%%
——> CH,=CH, + CHa.CH3
HIGH TEMPERATURE
——> 2CH,=CH, + Hy 38%
CH CH
>cHcH, —> P >c=cH, + Hp 60%
CHa CHa
1ISO-BUTANE 1ISO~BUTYLENE
—— CH'_:,.CH == CHQ + CH4 40°%
CHa CH CH
>c< L. 3>C=C)-42 + CHg4 100°%
CHa CH3 CH3

NEO-PENTANE

from a given amount of crude oil has doubled. The olefines lend them-
selves very readily to conversion into such products, since they poly-
merise quite easily under heat and pressure to yield liquid hydro-
carbons in the petrol range.

On the other hand, chemical manufacturers have concentrated on
developing cracking conditions which give maximum production of
simple olefines and a minimum production of motor spirit. While this
applies to ethylene and propylene without qualification, the butylenes
are not quite so amenable, and other uses have been sought for them.
The influence of various catalysed treatments of isobutylene, for ex-
ample, has led to the production of the polyisobutylene range of
materials—ranging from very viscous liquids up to extremely rubbery
products.

5
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The Caterole Process. A new aromaticisation process has been
developed in Great Britain by Weizmann & Bergmann.3® Known as
the Catarole Process, it makes possible the production of substantially
pure aromatic hydrocarbons from naphtha or gas oil. It is a catalytic
cracking process operating at 650-680° C. using metallic copper catalysts.

If petroleum is passed through a packed tube at atmospheric pressure
at 630-680°C. and a velocity of 0-05-0-5 litres per hour per litre catalyst
volume, the resultant liquid has an aromaticity of at least 95 per cent.
In addition, valuable gaseous products are formed. 'The use of metals
(such as copper) as packing materials reduces the temperature required
for substantial aromatisation to 630-680°C. and also the extent to which
carbon formation takes place. These two factors, combined with the
purity of the products, make the process economical.

Below are listed the products obtained by aromatisation of a naph-
thenic heavy naphtha:

TABLE 20

AROMATISATION OF A NAPHTHENIC HEAVY NAPHTHA

Charge
Spec. Grav. . . . . . . 0798
Boiling Range (5—95“’ . . . . . . 102-228"C.
Process Temperature . . . . . : 680" C.
Space Velocity . . . . . . . 024
Liquid Product
Recovery, by weight of charge . . . . . about 50%,
Specific Gravity . . . . . . 0-870
Composition (on weight of charge)
Boiling below benzene . . . . . . . 1-8%,
Benzene . . . . . . . . . 11-8%,
Toluene . . . . . 1077%,
Xylenes, Ethylbenzene, Styrene . . . . . 6-89%,
Alkylbenzenes (150-180°C.) . . . . . . 3:4%
Above 180°C. (Polycyclics) . . . . . . 15°4%
Gaseous Product (composition by wezght of charge)
Hydrogen . . . . . 03%
Methane . . . . . . . . . 2019,
Ethane . . . . . R . . 67%
Ethylene . . . . . . . . . 7:8%,
Propane . . . . . . . . . 189,
Propylene . . . . . . . . . 87%
Butanes . . . . . . . . 1-3%

Butenes and Butadiene . . . . . . . 3'4%
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The xylenes, etc., liquid fraction contains on an average 20 per cent
styrene, 10-8 per cent ethyl-benzene, 16-2 per cent o-xylene, 19-3 per
cent m-xylene, 247 per cent p-xylene.

The butenes, etc., liquid fraction consists of 60 per cent n-butylenes,
30 per cent isobutylene, 10 per cent butadiene.

Figures have been published for the production of olefines and
aromatics from a tubular steam cracking unit processmg 600,000 tons
of heavy naphtha per annum. These figures are given in Table 20.

TABLE 21

OLEFINES AND AROMATICS FROM HEAVY NAPHTHA

Cracking Products Tons
Ethylene, propylene, butylene amylene% . . 260,000
Butylenes alone . . . . . 35,000
Butadiene . . . . . . . . 14,000
Isoprene . . . . . . . . . 4,000
Toluene . . . . . . . . . 27,000
Benzene, xylenes . . . . . . . 60,000

The Importance of Ethylene. For the moment let us refer
back to ethylene. Itsimportance to the plastics industry cannot be over-
stressed. Something has already been described about its potentialities
for the production of alcohol. This is being energetically pursued. It
is estimated that the potential capacity of the oil industry in the United
States is more than 1,000 million gallons of alcohols per year from
cracked gases alone. This includes ethyl alcohol, propyl alcohols,
butyl alcohols, etc., all of great importance to plastics, lacquers, and
many other industries. These derivatives depend on having fairly pure
ethylene which depends on the efficient separation of cracked gases.
Latterly deep refrigeration methods have shown high promise in the
efficient separation of the gases.

At the present time these olefines are being used for the manufacture
of numerous glycols and related compounds.

Ethylene dichloride, in itself a very valuable and widely used solvent,
is made by direct combination of ethylene and chlorine.

Cl,+CH,=CH, —> CH,Cl—CH,CI.

Ethylene dichloride is used in large quantities in the manufacture of
thioplasts, e.g. Thiokol, by interaction with sodium polysulphides.
Thus another synthetic rubber-like material has a direct tie-up with
the petroleum industry.

Recently, ethylene dichloride has acquired a greater significance from
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the plastics angle as a possible source for vinyl chloride. Brous,? has
produced vinyl chloride by heating ethylene dichloride in the presence
of methyl alcohol and adding aqueous sodium hydroxide.

Ethylene is also used to prepare ethyl chloride, one of the leading
chemical intermediates at the present time. Together with benzene,
when treated with aluminium chloride, ethyl benzene is obtained. This
is the most important intermediate in the manufacture of styrene.

Ethylene reacts in chlorine water to form ethylene chlorhydrin. This
may be readily converted into ethylene glycol. Ethylene glycol is of
outstanding importance for the production of glyptal resins. Numerous
other solvents, plasticisers and intermediates are also obtained from this
reaction, including diethylene glycol, cellosolve, triethanolamine, etc.

The alkyl halides are of growing importance. Ethyl chloride may be
synthesised via ethylene and hydrogen chloride.

Ethyl chloride and benzene, reacting under the influence of such
catalysts as aluminium chloride, yield ethyl benzene, which is clearly
the intermediate in the formation of styrene, and hence the styrene
resins and rubbers.

Propylene is another constituent of petroleum wastes which is
rapidly becoming more important. Propylene is readily converted into
iso-propyl alcohol, a useful solvent, via propyl hydrogen sulphate, and
the alcohol itself passes by catalytic dehydrogenation into acetone.

Williams?? has developed the commercial synthesis of glycerol from
propylene. Quite recently a commercial plant for the production of
glycerol from propylene has begun to operate. The implications of this
activity in relation to alkyd resins are obvious. It also marks a very
notable step. -From time immemorial glycerine has been obtained only
from animal sources, from fats, etc., in soap-making. Allyl chloride
is formed by the chlorination of propylene at high temperatures.
Hydrolysis of this leads to allyl alcohol. After hydrochlorination the
chlorohydrin is produced, which, with alkali treatment, yields glycerol:

Further derivatives prepared by well-known methods from propylene
include: acetone, isopropyl ether, methyl-ethyl-ketone, ter-butyl alcohol,
allyl alcohol, methallyl alcohol, acrolein and epichlorhydrin.

The dehydrogenation of isopropyl alcohol to acetone is now an
‘accomplished fact and has greatly reduced the cost of acetone. Acetone
may be condensed to diacetone alcohol, and this in turn dehydrated
to mesityl oxide. It may then be further hydrogenated to methyl
isobytyl ketone. Mesityl oxide is a solvent for polyvinyl chloride.

Acetone is easily converted to ketene by pyrolytic methods:

CH,.CO.CH; ——— CH,=CO+CH,
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Ketene with acetic acid yields acetic anhydride—an outstandingly
important intermediate in the production of cellulose acetate and other
esters. Furthermore, ketene readily polymerises to diketene and this
yields in turn aceto-acetic esters.

The pyrolysis of methane to acetylene is of great importance. Accord-
ing to Dunstan about 10,000,000 tons a year of available hydrocarbon
(mainly methane) is available throughout the world. Most of this is
lost or burnt at the fields and refineries as fuel. From this vast quantity
it is reasonable to assume that the production of not only acetylene
but also aromatic hydrocarbons will be found profitable.

The production of phthalic anhydride from petroleum has already
been mentioned. Standard Oil Company of California produces 4,000
tons per annum.3? The process is the catalytic vapour-phase oxidation
of o-xylene over a vanadium catalyst. The o-xylene is obtained as a
petroleum by-product.

The products from acetylene have already been discussed. 'T'he point
to be emphasised here is that high temperature cracking or pyrolysis of
any petroleum fraction from methane to hydrocarbons of high mole-
cular weight yields in effect a “synthetic” coal-tar. It follows that all
the well-known derivatives of ordinary coal-tar—dyes, solvents, resins,
plastics, explosives, detergents and the like are equally producible and
obtainable from mineral oil—but in greater quantity and even more
diverse in application.

Agriculture as a Source of Raw Materials for Plastics. It has
recently become increasingly clear that agricultural products are likely
to form a very important source of plastics in the future. Plastics
has been an outstanding field for the successful application of agri-
cultural products. This trend was strongly supported by Henry Ford.
It has also been backed by the United States Bureau of Agriculture.
It has recently received its greatest fillip from the synthetic rubber
scheme. For plastics, the object is to convert agricultural products into
chemicals which may be converted into plastic products, or directly
into products which can be moulded under heat and pressure.

Cellulose as a base for plastics is, of course, well known. Cellulose
derivatives have been very important for many years, and they continue
to expand at a very great rate. More emphasis should be given to the
surprising number of other plastics raw materials which are derived
from agriculture and allied activities. There is a strong urge to convert
agricultural materials into chemicals which may be employed as plastic
bases, or which can be directly moulded under heat and pressure.
Already there is a long list of such materials, e.g. furfural, lignin, soya
bean, coffee, and so on. Apart from this, the production of ethyl
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alcohol, acetone and butyl alcohol are major industrial activities, having
a very profound bearing on the plastics industry.

Alcohol as a source of ethylene is a leading material in the production
of the newer thermoplastic types of synthetic resins. Another very
important chemical is lactic acid which may be obtained from whey.
Thus lactic acid and esters have been converted into acrylic derivatives
by thermal decomposition. Since these plastics are in their infancy
and seem destined for unpredictable expansion, their sources of raw
materials are clearly important. This is merely a selection of some of
the leading products, and is by no means exhaustive.

The outstanding advantages in the use of agricultural products is the
fact that there is an annual crop produced based on oxygen, carbon
dioxide and solar energy, catalysed by chlorophyll in the living plant.
There is a yearly crop produced as cotton, linters, wood cellulose,
straws, grains, cereals, etc. All are available in unlimited quantities.
Moreover, quantities which do not diminish. This contrasts with other
raw materials, notably such as petroleum, which, so far as is known,
are in diminishing supply.

The possibilities of harnessing agriculture to industry have attracted
great attention, notably in the United States and the U.S.S.R. 'The
study of chemurgy, as the subject is known, has made considerable
advances.

The Use of Agricultural Wastes. The use of agricultural
products for plastics is one of the leading successes.

Apart from other factors it has been accepted that if agriculture can
be harnessed to industry it would have a great stabilising influence.
'The war has given strong impetus to this trend. In many countries
there have been surpluses of agricultural products which could not be
disposed of, and great efforts have been made to utilise them. Apart
from this, there are waste materials of every descriptions; waste wood
and sawdust is a typical example. The crux of using waste materials is
their availability. Wastes which build up as a consequence of other
profitable activity can readily be used. Where collection and transport
are difficult and introduce elements of cost, then the use of wastes may

not be economic.
Three main principles provide the urge for developing industrial uses

for agricultural products:

(a) The utilisation of waste materials and by-products.

(5) The introduction of new crops to take the place of imported
crops at present used by industry.

() 'The development of new uses for crop surpluses.
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TABLE 22

COMPOSITION OF SOME PLANT MATERIALS!4

Plant Material i Cellulose”,, ' Lignin“, . Pentosans",

Bagasse . . . .o 602 217 § 29°1
Cereal straws— ‘ ;

Barley . . . . 486 ; 16-4 ‘ 31°9

Oats . . . . 43.8 | 18.5 j 22°8

Rice . . . . 45°5 : 109 3 21§

Rye . . . .o 363 . 1173 ! 204

Wheat . . . .o 567 16:6 ! 284
Cornstalks . . . . 384 ‘ 343 ' 276
Cotton . . . . 91-2 — -
Flax . . . . . 920 ‘ 40 20
Hemp . . . _ 79°3 52 ; 55
Jute . . . . 749 ‘ 117 * 181
Linseed straw .. . - 53-8 : 233 i 171
Ramie . . . .+ 850 10 i 2'0
Sisal . . . . 770 6-0 ‘ 130
Wood-aspen (poplar) . oo 62-1 26-5 ‘ 17:6
Beech . . . 671 " 22'§ : 249
Birch . . . .o 642 ‘ 196 « 27'1
Jack-pine . . . . 57:6 ' 336 12°3
Pine . . . . . 60-5 ’ 264 1o
Spruce . . . . 609 302 12°6

There are vast quantities of agricultural wastes. The big snag is the
high cost of collection and transportation for processing. This leaves
no margin for the farmers. Most development with residues has been
where they occur as by-products in standard forms of production in
processing agricultural materials. For example, the use of bagasse,
straws, and stalks, etc., in wall-board manufacture. The production of
furfural from oat husks, by the Quaker Oats Company is another
notable example.

The outstanding example of a new crop is the cultivation of soya
beans in the United States, enthusiastically sponsored by Henry Ford.
By 1937 there were 2,000,000 acres of soya beans, all designed for
industrial purposes. In 1948 an acreage of 9-8 million acres produced
a record 220 million bushels.

Another example is the cultivation of dandelions in the U.S.S.R. for
rubber, which reached 650,000 acres in 1942.

At the present time the idea of surplus food crops appears incon-
gruous; nevertheless, the Americans use grain and cereals as major raw
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materials for industry; the Russians use potatoes; so do the Germans.
During recent world food shortages the use of agricultural materials
has temporarily declined.

Groups of Agricultural Raw Materials. The raw products of
agriculture are fundamentally carbohydrates, proteins, and fats.
Agricultural raw materials can be considered in a number of groups
which roughly correspond with these divisions.

Firstly, there are the various forms of cellulose obtained from cotton,
from wood in the form of wood pulp, and from a variety of straws.
The purer forms such as cotton afford unlimited quantities of the
cellulose plastics, and also as filling materials generally. The cruder
materials are also sources of lignin.

Secondly, there is the starch and sugar types of product, such as corn,
wheat, potatoes, sugar cane, molasses, etc., which industrially serve as a
primary source of alcohol or other chemicals by fermentation processes.
These have acquired great significance because of the leading part
they have played in the production of synthetic rubber in the United
States, in the UJ.S.S.R., and in other countries.

The third group of materials include those which contain nitrogen,
such as soya beans, beans, and lentils, etc., which contain protein.
'I'hey behave in many respects like casein from milk. Casein, obtained
from milk, has been the basis of one of the oldest activities in the plastic
industry. Itappears to be taking on a new lease of life for the production
of synthetic fibres.

Fourthly, there are the obvious agricultural wastes such as stalks,
husks, hulls, straws, etc., which are primary sources of furfural; a
fifth group comprises wood waste, such as sawdust, cut off pieces,
etc., which are sources of alcohol, lignin, and so on.

Cellulose Derivatives. Cellulose plastics are a major group.

The leading products are cellulose acetate, cellulose nitrate, ethyl
cellulose, and various other esters and ethers. Many thousands of
tons of pure cellulose are used in their production every year, and
a further large quantity is employed as filling material. In 1941
30,000,000 pounds weight of cellulose acetate were used for moulding
purposes in the United States alone. In 1946 together with cellulose
acetobutyrate and ethyl cellulose the figure had risen above go million
pounds.

Cellulose is found in walls and cells of all vegetable matter. Cotton
is a very pure form, while cotton linters consist of more than go per cent
cellulose. The most desirable cellulose raw material is consequently
cotton linters, i.e. the short fibres remaining on the seed after the long
fibres have been removed for spinning. Approximately 175 pounds of
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cotton linters are obtained per ton of cotton seeds. There is large-scale

production of cotton in many countries.
It must be remembered that the use of cellulose in plastics is very

small compared with uses for rayon.

TasLe 23

CerLLuLosE Prastic Probucts

Cellulose Nitrate

Year Sheets * Rod and Tube . Total

Ib. ‘ 1b. Ib.
1938 6,617,000 2,871,000 9,488,000
1941 10,893,000 5,606,000 16,499,000
1946 10,932,000 7,220,000 18,161,000
1947 9,000,000 3,600,000 12,600,000
Cellulose Acetate

Sheets, Rods Moulding

Year and Tubes Powders, ctc. Total

Ib. Ib.
1938 6 831 000 7,394,000 14,225,000
1941 6,218,000 30,717,000 36,935,000
1946 19,864,000 — 83,204,000 103,068,000
1947 | 19,000,000 60,000,000 %7,000,000
Ethyl Cellulose, etc.
Year { : Total

! j Ib.
| !

1946 ' | 12,183,000
1947 [ | 4,000,000

Thus, United States production of rayon alone in 1948 was 1,120
million pounds.

Wood pulp has been purified in the United States and Sweden to
serve as raw material for cellulose. The products are not quite as good
as those derived from linters, but are definitely satlsfactory Wood
pulp is the main material used for preparation of the various viscose
products. It is not yet widely used for plastics, although the trend
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is growing. Apparently the cellulose in wood pulp withstands the
chemical treatment involved in making plastics. It has to be purified
in order to remove deleterious materials. Olsen?” has outlined the
relative chemical composition of some of these materials.

The absence of cotton or wood in any country is not an insuperable
bar to the production of cellulose derivatives. 'This has been demon-
strated in practice by the Pomilio process based on straws which are
available in most countries.

TABLE 24
Sl‘:;)l(;: in . P Viscosity
. Boiling . - Perman-. 5.6
Cellulose R T ,Penotf) san 'A“)Sh ganate ! Con(sznu
Cellulose. o OH Yo o N .
al ; o. Centipoises
/70
1. Cotton Linters . ¢85 <25 <2 o1 | 025 | §00-10,000

2. Bleached sulfite ! ‘ ‘
pulp . 8588 1520  7-15 o5 05 50-100
3. High a-cellulose . , ‘
pulps 9396 . 58 ! 35 ° o1 0oF 50-300
4. Acetylatable wood ‘ | ‘
pulp from Cellu- »
lose Research ‘ ,
Corp . . >985 <25 <2 <ol 02§  500-25,000

Pomilio Process for Obtaining Cellulose from Straws,?¢ etc.
Straws of every description, grasses, and agricultural by-products are
used for the production of high-grade cellulose in Italy, Argentine,
Chile, South Africa, etc. The leading method is the chlorination process
developed by Pomilio. In brief the process is to—

(a) Digest the straws for a short time (about 2 hours at moderate
temperature with weak alkali solution).

() Expose the digested, spongy mass to moist chlorine gas in the
cold for 14 hours.

(c) Treat the washed chlorinated mass with weak alkali and
washing, taking about } hour.

(d) Gentle bleaching with dilute hypochlorite solution.

More than 95 per cent of available cellulose is obtained. Time
required totals only 4 hours, which is very rapid for cellulose products.
The process is continuous.

By this method, Italy, one of the largest rayon-producing countries,
had become virtually independent of outside sources of supply.
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The Alcohol Processes. The most spectacular application of all
agricultural derivatives has been perhaps the use of alcohol for making
synthetic rubber. At one time nearly a quarter of a million tons of
synthetic rubber per year was being made in the United States on the
basis of alcohol obtained from grain. Alcohol and other similar deriva-
tives were being produced by extremely rapid fermentation processes
from almost every farm product containing carbohydrates or sugar, e.g.
from wheat, from corn, from sugar-beet, from potatoes, and so on.

TABLE 25

PronucTiON OF ALcoHor??

Alcohol Yield
Raw Material

Gal. facre  Gal. [ton
Sugar-beet . . . . 2870 . 2201
Sugar-cane . . . 20680 152
Jerusalem amchnkeq . . 1800 200
Potatoes, white . . . 1780 229
Potatoes, sweet . . . 1410 342
Apples . . . . 140°0 144
Raisins . . . . 102:0 814
Grapes . . . . 904 151
Corn . . . . 88-8 840
Rice (rough) . . 656 79'§
Molasses (blackstrap) . . 45°0 : 70°4
Grain sorghum . . . 35°5 79°5
Wheat . . . . 330 . 850

American production of alcohol for 1944 was more than 631,000,000
gallons. Produced from molasses, grain, petroleum, natural gas, sul-
phite liquors, and wood waste.

Alcohol, apart from its application for synthetic rubber, is one of
the most versatile of chemicals, having a wide application particularly
in the production of the newer types of synthetic resins. Much of its
behaviour has already been discussed in relation to ethylene. Many
transparent plastics, such as methyl methacrylate polymer, polystyrene,
and so on, are ultimately based on alcohol as raw material. Alcohol
is also being obtained from waste wood.

The U.S.S.R. has for many years produced synthetic rubber based
on alcohol, obtained mainly from potatoes. Other countries such as
Britain and the U.S.A, have obtained alcohol mainly from molasses,
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derived from sugar-cane in the West Indies. As alcohol acquires
increasing industrial importance other sources are being developed.

In normal times the United States has large surpluses of grain and
other agricultural products. Produced in vast quantities every year,
generally in excess, there is much waste. All these are suitable sources
of alcohol. Alcohol acquired outstanding interest as a leading raw
material for making butadiene for synthetic rubbers. But it is equally
suitable as a raw material for synthetic resins.

The preparation of alcohol from these materials is based on estab-
lished fermentation processes. 'I'hese are operated on a very large scale,
and present few difficulties. The general procedure is to place suitably
ground corn, wheat, etc., into enormous vats. They are allowed to
ferment, assisted by the use of enzymes, and form a mash. The material
is then distilled for alcohol.

The residue is valuable cattle feed of high food value.

Improved accelerated methods of fermentation have latterly been
developed which improve the production of alcohol. 'Thus, the latest
methods in the United States show a yield of 2-5 gallons per bushel
of corn, and 2-7 gallons per bushel of wheat.

It is interesting to note the relative status of various crops as regards
the amount of alcohol that can be produced. The Russians have greatly
increased the efficiency of alcohol production from potatoes. They
claim to obtain 6oo gallons per acre. It is a fact that in using potatoes
as a source of alcohol, all may be used whether they are large or small.

In the United States during the earlier stages of synthetic rubber
production, alcohol played a leading part in the manufacture of buta-
diene. However, from an economic point of view the trend eventually
went against alcohol and in favour of petroleum processes. World food
shortage has finally pushed alcohol out of the picture.

The major portion of butadiene obtained from alcohol was made by
the Carbon and Carbide Union,? based on alcohol, chiefly derived from
corn and wheat. They developed a very successful process, and led the
way in getting into production. It is of interest to consider this more
closely since butadiene is acquiring importance as a secondary monomer
in the production of commercially important plastic copolymers. For
example, it is used with styrene for materials such as Styralloy, etc.

The Carbon and Carbide Process. Alcohol and acetaldehyde
are catalytically converted into butadiene. This is separated from the
by-products and unchanged alcohol and acetaldehyde, which are re-
used. The converters consist of 753 steel tubes, 20 ft. long by 3 in.
diameter, containing catalyst. The tubes are surrounded by a tempera-
ture regulating bath of “Dowtherm” liquid. A 20,000-ton unit possesses



78 MODERN PLASTICS

12 such converters, 4 converting alcohol to acetaldehyde by means of
one catalyst, and 8 making the butadiene with another catalyst. So
that it is a two-stage process. The yield is about 2-3 pounds of butadiene
per gallon of 95 per cent alcohol. The catalyst becomes foul after a
time, and it is cleaned by passing air over to burn off the carbon.
During a single passage, about 10 pounds of the alcohol mixture has

TABLE 26
CueMURGIC CnemicaLs IN Use EacH YFAR
Tons

Waste cellulose material . . . . . . 200,000,000
Potential production of:

Ethyl alcohol (U.S. process) . . . . 14,000,000

(Scholler) . . . . . 60,000,000

Furfural . . . . . . . . 30,000,000

Cellulose . . . . . . . . 80,000,000

Lignin . . . . . . . . 60,000,000

Vanillin . . . . . . 15,000,000
Ethyl alcohol productlon from

Ethylene gas . . . . . . . 230,000

Grain (whisky) . . . . . . 860,000

Blackstrap residues (dome%tu) . . . . 230,000

Molasses . . . . . . . . §70,000
Ethyl alcohol usages:

Explosives . . . . . . . 180,000

Anti-freeze . . . . . 360,000

Solvents, lacquers, and plastnm . . . . #720,000

Fuel . . . . . . . 180,000

Synthetic rubber . . . . . . 1,800,000

to be vaporised to give 1 pound of butadiene, the remainder being
re-cycled, and used again. The butadiene is obtained 97 per cent
pure.

Considering both this process from the engineering point of view
on a large scale, it is clear that the vaporising of alcohol is not a
difficult operation, nor is the passage over a catalyst. This contrasts
with the complex high-pressure arrangements involved in the case of
the petroleum derivatives, and also the somewhat involved chemical
synthesis working from carbide. Of course, the butadiene in all the
processes must be collected, separated, and purified.

Other Fermentation Products. During the last war Weizmann?$?
developed the fermentation process which is second only to alcohol
fermentation in importance. This was the process which produces
butyl alcohol and acetone as chief products. The bacteria called
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clostridium aceto-butylicum acting on molasses, starches, grains, etc.,
produces the solvents in the ratio of—

Butyl alcohol . . . 60 parts
Acetone . . . . 30 parts
Alcohol . . . . 10 parts

About 14 times as much gas is formed, 6o per cent being carbon dioxide.
Much of the remainder is hydrogen. The gases are caused to combine
under pressure to yield methyl alcohol. The remaining carbon dioxide
is made into solid carbon dioxide. All the materials produced are of
the greatest importance to plastics activities. Butyl alcohol, or butanol,
is important as a solvent. But its great significance to the plastics field
is as parent material for plasticisers. From it is made dibutyl phthalate,
almost the most outstanding plasticiser.

The Butylene Glycol Process. There is another process which
should be mentioned in connection with agricultural products. This
is the method developed at the Iowa University. The chief personalities
connected with it are Christensen and May.!® They start with any
material containing starch or sugar. This is fermented in the presence
of an enzyme known as aerobacter aerogenes. The material is fermented
for about 40 hours, and a yield of 84 per cent of the theoretical quantity
of 2-3-butylene glycol is obtained. There is no production of alcohol.
The separation of butylene glycol has been a matter of some difficulty,
but has been achieved by the use of acetic acid. By using this, 2-3-buty-
lene glycol diacetate is formed which can be separated. This is passed
through heated tubes without any catalyst and yields butadiene. One
snag in the past has been the use of large quantities of acetic acid,
involving high losses, but now a 99 per cent recovery can be obtained.
The production is between 6-8 to 78 pounds of butadiene per bushel
of corn. The butadiene obtained in this way is practically pure and
can be used directly. There are many other promising fields of appli-
cation for this butylene glycol in the plastics industry, e.g. for alkyd
resins.

Wood for Alcohol and Other Chemicals. Off-cuts and sawdust
abound in most countries. 'T'hey are often a source of embarrassment
and are usually burned. Wood waste of every description is an enormous
potential source of plastics. Important materials are alcohol, other
fermentation products, and lignin. There is much activity in this field
in the United States, in the U.S.S.R., and in Canada. It has been
calculated that the whole annual wood waste of the United States is
equivalent to approximately 4,000 million gallons of alcohol, at a yield
of 50 gallons per ton of wood.
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Production of alcohol from wood is carried out along two main
systems:

American Wood Process.? The principle on which this is based
is that wood is a plentiful material.

Soft wood waste as sawdust or shredded wood is digested with an
equal amount of dilute sulphuric acid under direct steam at 125 Ib. per
8q. inch pressure for 15 minutes. Up to 25 per cent weight of the wood
is converted to sugar of which 75 per cent is fermentable. Residual
lignin contains material which is suitable for moulding purposes.

Scholler Process.?® This German method is based on the fact that
wood is a scarce material. They completely convert wood cellulose to
sugar. The method is to digest sawdust or shredded wood with dilute
sulphuric acid, under 175 lb. steam pressure at 19o° C. for about
16 hours. A 6 per cent sugar solution is obtained which is fermented
to alcohol.

Alcohol Production using all Sawmill Waste. The usual
estimate of waste from mill operation is approximately 1 ton for each
1,000 feet of lumber cut.

The cheapest wood waste is sawdust, comprising about one-third of
the total mill waste. It is already in the physical form suitable for
hydrolysis without further processing. Therefore it has been found
that the minimum mill that could operate on sawdust alone must be
three times the size of one turning all its waste into chemicals. In
order to support a hydrolysis plant using the American process, this
mill must cut about 150,000,000 feet a year.

Seventy tons of wood per day, or a daily cut of 70,000 feet of lumber
would be required to support a Scholler plant capable of producing
3,600 gallons of alcohol per day, at a yield of 50 gallons of alcohol per
ton of wood. Such a mill would cut 20,000,000 feet annually. An alcohol
plant of the same capacity using the American process at a yield of
20 gallons per ton of wood would require 180 tons of wood per day,
the waste from a daily cut of 180,000, or roughly, an annual cut of
54,000,000 feet.

Sulphite Liquor Process. Vast quantities of sulphite liquors are
run to waste from paper manufacturing establishments in every country.
Yet production of alcohol from sulphite waste liquor is technically
simple. Sugars are produced as a by-product of the pulping operation,
which is a mild acid hydrolysis. Three-quarters of the sugar produced
is fermentable by ordinary yeasts. The sugar content of the waste
liquor varies according to the kind of wood, the cooking schedules, and
acid concentrations used in the process. According to Hall'® the pro-
duction of a ton of pulp is accompanied by approximately 1,200 gallons
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of waste liquor with a fermentable sugar content of 2 per cent. There
are approximately 19o lb. of fermentable sugar per ton of pulp. About
12 gallons per ton of pulp produced is a normal yield, i.e. about 75
per cent.

In processing, the waste pulp liquor is aerated to remove free sulphur
dioxide, cooled, limed to raisc the pH to about 6, separated from sludge,
fermented for about 48 hours, and distilled.

Steam consumption is important in the production of alcohol from
sulphite waste liquor. It is high because the alcohol solutions obtained
are very dilute. About 8o pounds of steam are required for the distilla-
tion of 1 gallon of alcohol (95 per cent) from a feed liquor of 1 per cent
alcohol, compared with only 18 pounds per gallon for a feed liquor of
about 8 per cent alcohol as obtained from molasses.

Furfural. It is obvious there is an enormous amount of waste
material available from agricultural sources every year in the form of
corn stalks, corn cobs, oat hulls, a whole variety of straws and stalks,
and so on. Every country has them; very little is done with them.
In the United States, for example, it is stated that 400 million tons
are available every year. In general they are an embarrassment, and
are burned. However, efforts have been made to utilise part of them.
They have a number of interesting possibilities. Some have been
suggested as possible sources of cellulose. There are, however, two
materials present in most of them which have attracted interest—one is
furfural, and the other is lignin.

Furfural is produced on a commercial scale chiefly from oat hulls.
Present output is of the order of 50 million pounds per annum. It
is a light brown liquid, colourless when pure, boiling at 164°C. It
resinifies very easily. The production has depended upon the fact that
very large supplies of oat hulls are produced at a convenient location
as a by-product of other commercial manufacture. The Quaker Oats
Company has been a pioneer in this field. By one method the pentozans
present are hydrolysed by means of a mineral acid, and the furfural
formed is separated by steam distillation. One procedure is to place
3 tons of ground hulls in an acid-resisting steel rotating digester. Some
1,500 Ib. of water and 100 lb. of concentrated sulphuric acid are added.
The furfural is finally separated by passing live steam through, and
the material is subsequently fractionated to the desired degree of purity.
By a method of this type Miner and Brownlee?? obtained a yield of
10 per cent on the weight of the hulls.

Another simple method is to treat these wastes by destructive distil-
lation to give pyrolignous acid, neutralising the acid with lime, thereafter
distilling furfural. '

6
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Lignin as a Raw Material for Plastics. Lignin is one of the
most widely available materials owing to the fact that it is a major
ingredient in wood. It has definite possibilities as a basic material
for plastics. Many investigators have aimed at using waste wood and
sawdust for moulding compositions. Numerous articles have already
been produced from it. Much work has been carried out to develop
commercial uses for lignin which is available in enormous quantities,
particularly in the United States and in the U.S.S.R. Work has been
carried out along two paths.

In the one case lignin has actually been separated. This activity is
chiefly carried out with waste liquors from the sulphite process for
making paper. The other method, based on wood, etc., has been to try to
prepare a plastic in situ, using the wood cells present as filling material.

In the United States the Forest Products Laboratory has prepared
many useful chemicals from lignin by hydrogenation in the presence
of catalysts, such as chromium oxide.

The processing of a ton of lignin has already given the following
materials:

15 gallons methyl alcohol
300 pounds mixed phenols
8oo pounds neutral oil
300 pounds heavy oil

According to Sherrard and Harris®! one fraction could be made to
form a hard fibrous resin.

Most work has been done to make lignin-cellulose materials, since
both exist together in wood. In this instance it is essential to break up
the continuous cellulose structure and a number of methods have been
developed to do this.

One group of ligno-cellulose products is obtained by charging chips
into a cylindrical steel vessel equipped with a loading port at the top,
a quick opening hydraulically operated discharge valve at the bottom,
and a steam inlet. The ‘“‘gun,” as the vessel is called, is filled with
chips and closed, saturated steam is allowed to enter until a pressure
of 600 Ib. per sq. inch is reached. It is then quickly increased to
1,000 lb., held at that pressure for approximately one or two seconds,
and then quickly discharged from the gun into a cyclone. The chips
explode owing to the high internal pressure. The fibre falls into a
storage tank, is mixed with water in a ratio of 3 parts of fibre to 97
parts of water, and is then pumped through refiners, screened, and
conveyed to a stock chest. Itis then formed into boards, a waterproofing
compound being added to the stock. These boards, cut into 12 ft.
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lengths, are conveyed, twenty at a time, to hydraulic presses. The
length of time the boards remain in the press is determined by the
density of the product desired.

*‘Benalite,”* a lignin-plastic material, is produced from either hard or
soft woods. The wood is subjected to the same pre-heating treatment,
but is held in the reactor at high steam pressure for a considerably
longer period under controlled pH conditions. It is formed into sheets,
and the moisture content is reduced to 5 per cent. The sheets are
put into a flat-bed press and subjected to a pressure of from 1,500 to
2,000 lb. per sq. inch at sufficient temperature to cause conversion to the
cured state. ‘‘Benalite” has a specific gravity of 1-44. 1t may be turned,
tapped, and sawn, and it is also adaptable for the production of moulded
containers.

Bogdanov® in the U.S.S.R. has developed a process employing lower
temperatures. Pinewood sawdust is heated with 1 to 5 times its weight of
water for 2 hours at 170°C. and 115 Ib. pressure. A powder is formed
which can be dried and moulded. The addition of phenol increases
the flowing characteristics of the material. A pressure of 5 tons per
sq. inch was used for moulding up to a temperature of 250°C.

According to Grant,1® wood hydrolysed by dilute sulphuric acid at
120 lb. per sq. inch for three-quarters of an hour, can also give a plastic
moulding material.

Lignin reacts readily with aldehydes, notably with furfural, and
advantage has been taken of this to make some interesting materials.

Another method developed in the U.S.S.R. by Losev, Kaminskii,
and Schiskin,?? treated 47 per cent lignin with 8 per cent furfural and
aniline in the presence of 3 per cent lime to give a useful moulding
powder.

Sheets of lignin plastic can be surfaced with synthetic resins in
various colours or can be left with a lustrous black finish. It is made
in a range of thicknesses as flat panels. Its electrical properties are
favourable for ordinary insulation purposes. It may be drilled, tapped,
or turned readily. The possible commercial applications of this type
of plastic have just begun to be explored. The low cost of ingredients
have made this plastic of interest for industrial applications involving
large quantities of material, such as building units, furniture, and wall
panelling, etc.

Soya Beans. The soya bean is an amazing product of which a
great deal has been heard. It is the outstanding example of a crop
deliberately cultivated for industry, and it has an enormous technical
value. The soya bean is a source of raw material for the plastic industry.
From a ton of soybeans are produced about 250 pounds of oil and
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1,600 pounds of meal, containing approximately 40 per cent protein.
This raw material is proving to be an excellent source of material for
the plastic industry. America produced about 40,000,000 bushels of
soybeans. If 40 per cent of this is protein, it is evident that the soya
bean is an extensive source of plastic material.

No part is wasted. After the oil has been extracted, the soya bean
meal is converted into a moulding powder together with phenol
and formaldehyde. It gives moulded articles of improved strength,
and at low cost. The Americans obtain 25 bushels of soya beans per
acre, yielding about 600 Ib. soya bean protein, suitable for plastics.

TABLE 27

COMPOSITION OF SOYA-BEAN MEAL AFTER OIL EXTRACTION

Percentage
Composition

Dry substance . ) . . . 9185
Crude protein . . . . . 41741
Ether extract . . . . 505
Ash . . . . . . . 570
Crude fibre . . . . . . 750
Total nitrogen . . . . . 6063
Calcium . . . : . . 0273
Phosphorus . . . . . . 0454

The Ford Company is probably the greatest user of these plastics,
and it proposes to use them on a large scale in its plastic cars of the
future. Protein both from casein and soya bean have been converted
into very attractive fibres, which in many respects resemble wool. It is
also interesting to notice that soya beans are the basis of a form of
synthetic rubber developed in the United States, called Norepol. 26

Use of Cashew Nut Shell Liquid in Resins. An interesting and
commercially important series of resins is obtained from cashew-nut
shells. These are mainly derived from India. Morgan?* has described
these in some detail.

The cashew nut has a shell about one-eighth of an inch thick, inside
which is a soft honeycomb structure containing a viscous liquid which
completely enclosed the kernel. This viscous liquid provides the raw
materials from which cashew resins are made; it is poisonous and has
a strong vesicant and dermatitic action on the human skin. The
industrial importance of the liquid has been realised only in America,
where it was imported in large quantities. The constitution of the
liquid and the industrial development of cashew resins and polymers
is due mainly to the work of Harvey. The liquid contains two phenols
—cardol and anacardic acid. The former is a resorcinol derivative with
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a long-chain substituent group containing two double bonds, the posi-
tion of which has not yet been determined. Anacardic acid is a salicylic
acid derivative containing the same substituent groups as has been
found in cardol; it decarboxylates smoothly on thermal treatment to
give a monohydric phenol known as anacardol. The first step in pro-
cessing the crude imported material is an acid treatment; this removes
metallic impurities and traces of sulphur compounds present in the oil.
The treated oil can then be used as the resin-making raw material or
can be separated into two portions by steam distillation. The steam
distillate, amounting to about 70 per cent of the total, contains a mono-
hydric phenol known as cardanol. The non-steam-distillable portion
contains cardol and polymer formed during the processes of extraction
and treatment.

Acid polymerisation of cashew nutshell liquid can be made to give an
intermediate polymer which is a brown viscous liquid capable of reacting
in the cold with aldehydes such as paraformaldehyde or furfuraldehyde.
Cold-setting cashew nutshell liquid compositions of this type possess
excellent acid and alkali resistance and find extensive use as stopping and
filling compounds in the electrical industry, in industrial floorings and
chemical plant of the “Haveg” type, where good alkali resistance is a
prime requisite. Fully thermo-hardened resins ground to coarse dusts
are used as friction-modifying materials in the manufacture of brake
linings, clutch facings, and other frictional elements. The acid polymers
when reacted hot with hexamine give soft rubbery polymers of good
compatability with natural and synthetic rubber. The ultimate acid
polymer of cashew nutshell liquid is also rubber-like, and has a very
low susceptibility to oxidation. The distillation residue of high cardol
content can also be acid-polymerised, and these polymers can be reacted
further with aldehydes. The products are characterised by outstanding
heat resistance.!?

Like phenol, both cashew nutshell liquid and cardanol can be reacted
directly with aldehydes to give resins. These resins, however, have
several characteristics not found in phenol or cresol formaldehyde
resins. Most important of these are the relative flexibility of the resin
in the fully cured state, its solubility in both aliphatic and aromatic
solvents, and the high degree of resistance to caustic alkalis.
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CHAPTER 111
PLASTICS ARE BASED ON LARGE MOLECULES

SINCE there are so many different plastics, it is desirable to note the
outstanding feature which they all have in common. They are all
materials which have very large molecules. In most cases the molecule
is so large that the molecular weight cannot easily be determined.
Staudinger!® has coined the term “macromolecule” to apply to these
large units, to imply that they are of a different order of magnitude to
ordinary molecules.

Most of the desirable characteristics of plastic materials are due to
these large macromolecules. Carothers® attributes all the outstanding
physical and tensile characteristics of the materials to this fact.

“T'he most important peculiarity of high polymers is that they alone
among organic materials to a significant degree show such properties
as strength, elasticity, toughness, pliability, and hardness.

Weight for weight, cellulose and silk are stronger than steel; rubber
exhibits a combined strength and elasticity that is not approached in
anything in the organic world, while diamond is harder than any
other material.

The practical uses of high polymers depend almost entirely on these
mechanical properties. Our clothing and furniture, and much of our
shelter is made of such materials. The names cellulose, wool, rubber,
and silk suggest at once the great importance of the non-chemical uses
of high polymers.”

Plastics are all formed by building up these large macromolecules,
starting from small ordinary molecules. In other words, the chemist
starts with simple chemicals, such as phenol, formaldehyde, alcohol,
acetylene, and so on.

By modifying them, rearranging them, and then joining molecule to
molecule, he builds up giant macromolecules never found in nature.
"This is the process underlying most of the plastics from phenol-formal-
dehyde resins to nylon.

Polymerisation. The process of building up large groups based
on recurring units is known as polymerisation. Understanding of the
mechanism of polymerisation is the key to a thorough grasp of the
subject of plastics. It is necessary to resort very freely to analogies in
order to explain current ideas on the subject.

The two main groups of plastics are based on thermosetting resins,
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and on thermoplastics. The behaviour of thermosetting resins in their
formation and subsequent treatment is different from the behaviour of
the thermoplastic polymers. There are some features in common.

Thermoplastics in turn divide up into several main groups, namely,
(a) thermoplastic polymers, i.e. the vinyl family of materials such as
polystyrene, polyvinyl chloride, polythene, etc., and (b) thermoplastic
cellulose derivatives.

Thermoplastic polymers are made by the joining up of a number
of simple monomers. A monomer is a simple chemical entity which
can be built up by polymerisation. :

The Polymerisation Process. A monomer is a chemical entity
such as styrene, vinyl chloride, vinyl acetate, methyl methacrylate, and
so on, in the vinyl series, or such as butadiene, isoprene, chloroprene,
etc., in the diolefine (or divinyl) series. It will be noted that each
monomer is unsaturated. It has at least one double bond. This is a
necessary condition for it to be able to polymerise.

Polymerisation is generally regarded as the linking-up of a number
of these monomeric units into long open chains or macromolecules.
This is the Staudinger conception, which is widely accepted. Each
monomer unit forms a link in a straight uninterrupted chain. The
unsaturation of each unit has disappeared in the polymer in those cases
where only one double bond existed. One double bond in each unit
is always lost in polymerisation.

According to the treatment and the conditions, it is thought that
chains of various lengths are formed. The properties of the product
depend upon the extent to which polymerisation is carried out, or, in
other words, to the length of the chain. The molecular weight of the
product (generally determined by the viscosity) gives the measure of
the degree of polymerisation. As the length of the polymer increases
so the valuable mechanical properties become more apparent.

The character of the material changes, generally from the liquid
state, since most monomers are liquids. These become more viscous,
and then perceptibly change over towards the solid state. The various
monomeric butadiene derivatives change to rubbery solids, and so on.
Liquid styrene ultimately changes to the solid, glassy polystyrene, having
remarkable electrical properties. Gaseous vinyl chloride, which actually
boils at —14°C., forms the tough, strong polyvinyl chloride. Liquid
ethyl acrylate becomes a somewhat soft, glassy, solid, flexible polymer,
but having exceptional mechanical strength. Methyl methacrylate poly-
merises to much harder transparent solids, which have remarkable light
transmission. The straight chains initially formed by polymerisation
may tend to become cyclised by linking along the chain.
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The commercial value of these highly polymerised materials arises
out of their unique properties, notably those of a mechanical nature,
namely, great strength, elasticity, toughness, and pliability. They are
also generally transparent and resistant to corrosion. Another important
aspect from the commercial angle is the fact that there is no waste
incurred in the polymerisation process. There are no by-products.

In the case of materials, such as the cellulose plastics, casein plastics,
etc., the long molecular structure is already there having been built
up by nature. Most plastics activity with these materials involves
modification of appendages to the long chain, and even to the breaking
down or shortening of the chain to some extent.

Structure of Polymers. During the last thirty years, a vast
amount of work has been carried out in polymerisation, notably by
Staudinger, Carothers, Mark,® Whitby,'® Marvel,? Melville,!! and
their colleagues.

All the work carried out by these authorities almost unanimously
leads to the conclusion that high polymers generally, whether natural
or synthetic, are made up of enormous molecules containing hundreds
or thousands of atoms bound together. A word of caution is necessary
about these ‘‘enormous molecules.” The largest synthetic long molecule
made does not exceed 100,000 A., which is still less than one-hundredth
of a millimetre in length! There seems general agreement that many
naturally high polymers such as rubber, cellulose, silk, etc., have a
long molecule in the form of a long chain or thread. It seems likely
also that in these materials the number of cross linkings between
adjacent long molecules is very small. In other words, each long chain
is an individual unconnected macromolecule. This particularly seems
to apply to cellulose and its derivatives.

The building-up process, or polymerisation process, can take a
number of forms. There can be growth entirely in one dimension, in
length, in which case thread-like polymers are obtained. This is the
case with most simple thermoplastic materials. In these instances the
growth of the molecule can fairly easily be followed. Consider thousands
of these molecules in free fluid motion. At ordinary temperature there
is no tendency or little tendency for any ends to join together. Then
energy is imparted to the system possibly with the aid of some catalyst.
Immediately, the ends begin to join up. It has been suggested that
these might take place by some single units becoming highly energised.

When such an active unit has joined up the energy is passed on to
another unit which also proceeds to join, and so on.

Whatever the mechanism the units build up. The monomer units
are still considered to retain much of their freedom of movement in
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the chain, and are assumed to be vibrating according to their nature.
Then, according to molecular weight determinations, instead of an
assembly of short units, they could build up possibly to a thousand
units, i.e. the macromolecule will be a thousand times as long as a unit.
Clearly the freedom of action of such a long unit would be very limited
as compared with the original molecular entities. So the whole system
tends to build up into units which may approximate to this thousand
type. Owing to the loss of freedom of movement the fluid system has
changed into a substantially solid system without flow which comprises
all these long chains intermeshed in all directions. This is substantially
the situation existing in simple thermoplastic synthetic resins.

The subsequent behaviour is bound up with the movement of these
very long molecules in relation to each other. The long units will be
vibrating and moving about by virtue of their own intrinsic energy, but
they will be too tangled together to flow, i.e. to pass each other. The
close proximity of the chains introduces very powerful cohesive forces
which must also be overcome before flow becomes possible.

Consideration of a solid plastic made up of long linear molecules
implies a number of these molecules in close proximity interlocked at
random in every direction, all having a certain amount of liberty of
movement, but very restricted. They are tightly packed together, but
not so tightly as to prevent them loosening under comparatively low
heat, enabling them to slide over each other under pressure to take up
a new form which remains solid when cooled. In other words, they
are plastic. The development of active plastic characteristics is implied
in the action of separating these long chain molecules and permitting
them to move past each other. The lines would have to be separated
or distanced for easy passing. This could be done by interposing
some barrier.

Where the individual units are comparatively simple, and have no
bulky appendages attached in the form of side chains, etc., this separa-
tion may not be too difficult; for example, in the case of polythene.
In many instances, however, there are bulky or lengthy side chains,
a notable example is in the case of polystyrene, where there is
a large flat benzene ring sticking out from the side chains at regular
intervals. Flat plates from adjacent chains may interlock like a “zip
fastener” and provide serious steric hindrance—serious obstruction to
motion.

The Action of Thermoplastics when Stretched. Yarsley and
Couzens!? have admirably described this: ‘“What happens, then, when a
strip of thermoplastic material is stretched? At first the bundles or tangles
of threads move slightly from the position which they have taken up as
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a result of the interaction of the forces acting upon their long consti-
tuent chains. They separate from one another against these cohesional
forces, and as long as the pull has not been greater than the cohesional
force they move back when the force is removed. This corresponds
to elastic stretching. As soon, however, as the pull exceeds the cohe-
sional force, which it does at the ‘yield point,” the long chains begin
to slide one over another, increasing the length of the strip as the pull
continues, until the continued sliding of the chains brings enough

TABLE 28

MONOFUNCTIONAL MONOMERS AND THEIR POLYMERS

MONOMER POLLYMER
CH,--CH, — -» —CH,;—-CHy—CH,—CH,—CH;—CH,—CH,—CHy—
Ethylene Polyethylene
O—COCH, (I)<—C()CH3 O—COCH,; O- -COCH,; O—COCH,4
|
CH,-=CH - > —(CH;y—CH-—CH,~~CH—(H,-- CH—CH,- CH - ...
~ Vinyl acetate Polyvinyl acetate
Cl Cl 1 1 Cl
| l I
CH,~-CH —-~—— » —CH,--CH~-CH,—CH—CH;—-CH —CH,- CH— . ..
Vinyl chloride Polyvinyl chloride
CeH; (I‘er, C¢H; CgH; CgHj
l
CH,~CH ———» —CH,—CH—CH,—CH—(H,—-CH—CH,—CH—. ..
Styrene Polystyrene
(Vinyl benzene)
Cl Cl (il Cl Cl1
| | | |
CH,~-C ——— > ——ACH2——CH——-CH._.—-(,iH-——CH:,-—CHh——CHz—Cll-l -
| | |
Cl Cl Cl1 Cl Cl
Vinylidene Polyvinylidene chloride
chloride
COOH C{‘O()H COOH (f()OH (iOOH
I l
CH,=CH -» —CH,—CH—CH,—CH—CH,—CH—CH,—CH~— . ..
Acrylic acid Polyacrylic acid
COOH COOH (I‘OOH (II()()H COOH
l |
CH,~C ———~ ———CH.;—(]:H-—CHﬁ——CH~CH2—CH—C}12—(III— A
"Hj, CH, CH,4 CH, CH;
Methacrylic acid Polymethacrylic acid
(llH,, CIJH3 (i‘Hs (IIH:, (?H3
CH,=C ——— -~CH2—-—(|1H-—CH2—-L;H—CH2-—-CH——CH2-—-CH—- -
I
CHj CH, CH,4 CH, CH,4

Isobutylene Polyisobutylene
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chain-ends in a line across the strip to cause a weak place, when the
strip breaks.”

There is great weight of evidence that many polymers such as
polyethylene, polyisobutylene, polyvinyl chloride, polyacrylic esters,
polystyrene, polyvinyl acetate, etc., have these long-chain thread-like
molecules, especially when they have been produced at low temperatures.
A feature of many of these linear high polymers is that when subjected
to stretch, numbers of them come into line, and when examined by
X-rays, give a regular lattice indicating the formation of crystal structure.

However, most organic thermoplastics ordinarily exist in an amor-
phous condition, and do not show crystallinity. Polyvinylidene chloride
is an outstanding example of the exception to the rule.

It is generally considered that in the production of synthetic high
polymers the straightforward chain polymers are predominantly formed
in those cases where the monomeric material contains only one poly-
merisable group, i.e. a double or triple bond. Outstanding examples
of such monomers are vinyl chloride, vinyl acetate, acrylic acid ester,
isobutylene, etc. These are the materials which Carothers called
mono-functional.

In the case of most synthetic rubbers the reacting monomer is one
which contains two or more reactive groups, such as butadiene, isoprene,
chloroprene, etc. In these cases the formation of two- or three-dimen-
sion polymers is not only possible, but usually takes place. These are
the monomeric materials which Carothers called bi-functional, or
multi-functional.

Variations in Polymer Growth. There can be many variations
on the main themes. These will depend on the nature of the ingredients
and the time factor. It is possible to get a rapid linear growth, and
then sudden linking-up between adjoining long macromolecules. It is
possible that long molecules can link up with just a few joins or bridges,
in which case the behaviour of the final material is substantially the
same as a thermoplastic. However, the presence of a few cross-links
in this way may be adequate to prevent flow at ordinary temperatures,
i.e. cold flow, under the influence of its own weight. There can be a
rapid formation of many cross-links, in which case a very rigid three-
dimensional structure will be built up, and so on.

It is generally accepted that linear thread-like polymers will be
thermoplastic and generally soluble in a variety of solvents. Three-
dimensional net-like polymers will in general tend to be infusible and
insoluble.

With these materials, the conditions are such as will permit the
formation of branched systems, or of cross-linked systems.
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Cross Linking. Many materials, including multi-functional mono-
mers, form linear macromolecules. This means that even after linking
up they still have functional points, i.e. active points at regular intervals
along the chain. Addition of certain materials result in a link being
formed between adjoining linear macromolecules at such active points.
It is evident that even a few such bridges will prevent linear molecules
from passing each other. In such cases there is little tendency for cold
flow to occur. When there are many such linkages, a more rigid three-

CROSS LINKING

L L

HEEE

BRANCHING
Fig. 22

dimensional structure is set up. In this case a large number of macro-
molecules become involved.

According to Livingston Smith:?

“The existence of a relatively small number of primary links may
have an important effect on physical and chemical properties. Thus,
if a substantially linear molecule is cross-linked to the extent of 1 in
1,000, solubility is decreased considerably. When the cross-links are
individually weak, and all secondary links are much weaker than
primary, then the number of links becomes more important. The
number of links per chain will clearly depend on the length and orien-
tation of the chains. The more highly oriented the chains, the stronger
is the aggregate bond resulting from a number of weak bonds. Another
factor of importance is the flexibility of the chains.”

Efforts to induce cross-linking probably represent the most important
trend at the present time. This appears to be the most favoured angle
from which to improve thermoplastic materials.
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Branching. In this type of product a linear macromolecule begins
to build up. Then a multi-functional molecule joins the chain. The
chain thereafter continues to build up from each functional point,
branching again each time a multi-functional unit tacks on. A different
tree-like three-dimensional structure builds up. In this case a single
macromolecule is concerned.

The ability to form gels, or the incidence of gelation, is confined to ;

those polymer systems capable of unlimited growth in three dimensions.

In addition to these types of polymers, there are also those known
as net and space polymers, which are two- or three-dimensional. These
apply more frequently to thermosetting materials.

The general behaviour of these types of materials show very clearly
defined differences. These have been summarised by Mark and Rath.®
Thus the two- or three-dimensional polymers usually swell to a limited

extent and do not go into solution. Examples of these are vulcanised -

rubber, perbunan, neoprene, etc. They have no definite softening zone
of temperatures. They tend to become plastic only at relatively high
temperature, and then decompose slowly; a breakdown which is accom-
panied by increasing plasticity. They exhibit much greater resistance
to abrasion and impact and heat than do the long-chain polymers. 1f
there are many cross-linkages, they become brittle and lose their
clasticity. They are also found to give very indistinct ring amorphous
X-ray diagrams. These have much in common with thermosetting
resins, which suggest structural similarities.

In the actual polymerisation there are two main directions for the
process. One can either produce straight-chain polymers having free
ends, or alternatively cyclised polymers where the ends have come
together, while combinations of these are possible. Much of the
behaviour of the products, particularly electrical behaviour, will be
vested in the free ends of the chains.

It is generally accepted that straight-chain products will process
easily, and if subsequent setting is not impeded, then probably such
products are most desirable. Cyclised materials are much less readily
processed, possibly owing to steric hindrance. In any event, the great
problem always confronting the producer is to make the polymerisation
process steer a regular well-defined course.

The molecule, according to its make-up, can grow in three dimen-
sions, when a complex net-like structure tends to be built up. This
is much more difficult to follow and to study. Thermosetting plastics
are considered to behave in this manner.

The Size of Polymers. Plastics may, in general, exist in four
different states, namely: (1) the glassy state, (2) the rubber-like (or
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highly elastic) state, (3) the crystalline state, and (4) the viscous liquid
state. In a given material one or more of these states may not occur;
thus polymethyl methacrylate does not appear to crystallise under any
conditions. Cellulose plastics show marked crystalline behaviour. So
do polyvinylidene chloride, nylon, and polythene. 'T'he various mechani-
cal properties of plastics are intimately related to the structure of
its molecule, and to the arrangement of the molecules in the bulk
material.

It is just as well at this stage, in order to get some sort of perspective,
to consider the actual dimensions of the molecules and chains which
are being discussed. Having talked about long chains and macromole-
cules and so on, how long are they? Even the longest chains are
extremely small. So small that so far measurement has only been
possible by means of X-rays in those cases where crystalline structures
are formed. In these instances the unit length can be measured. From
the molecular weights the approximate chain lengths can be calculated.

The following table gives some of the unit lengths:

TABLE 29 A
Polyvinyl alcphol . . . 2°52
Polyvinyl chloride . . . 50
Polyvinylidene chloride . . 471
Polyethylene . . . . 253
Polyisobutylene . . . 185
Cellulose acetate . . . 103
Cellulose nitrate . . . 256
Rubber . . . . 82

These are measured in Angstrom units, and an Angstrom unit is
1077 millimetre.

According to Mark,” a certain degree of polymerisation is necessary
in order to obtain any mechanical strength. This critical minimum is
reached by a combination of about 60 to 80 molecules. As soon as this
value is surpassed, the material starts to show mechanical strength,
which increases proportionally to the average degree of polymerisation.
This proportionality holds until the degree of polymerisation reaches
about 250. From there on the increase in strength is comparatively
small up to a degree of polymerisation of about 700, after which the
ultimate strength does not depend appreciably upon chain length.

Two important contributions to our understanding of the behaviour
of high polymers have been made in recent years. We can distinguish
between typical rubbery, plastic, and fibrous materials. Mark suggests
that there is no fundamental difference between these classes but
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rather a matter of degree concerning the magnitude of the inter-
molecular forces between the chains and the ease with which they can
be fitted into a crystal lattice. Briefly, the state of the high polymer
depends on three factors: (1) Entropy (internal free energy, degree of
randomness); (2) Molar cohesion (forces between neighbouring chains);
(3) Steric factor (bulkiness and restriction of movement). The forces
responsible for molar cohesion are van der Waals forces. Where the
necessary conditions exist for hydrogen bonds the molar cohesion is
particularly strong. Molar cohesion militates towards linearity and
crystallinity and so we find that macromolecules with high molar
cohesion are normally fibres, e.g. cellulose, polyamides. Counteracting
these forces towards linearity is the steric factor, which if large prevents
the molecules fitting into a lattice. We, thus, find that polystyrene has
a large molar cohesion but nevertheless is not crystalline owing to the
bulky nature of the styrene molecule. On the other hand polyethylene
is a typically crystalline polymer in spite of its low molar cohesion,
because it is particularly easily fitted into a lattice.

The entropy or internal activation likewise opposes an ordered
arrangement and so when entropy is increased by increase in tem-
perature, the high-polymer passes through the stages fibre —plastic—
rubber. Plasticisers increase the distance between adjacent chains,
decrease the molar cohesion and thereby cause the polymer to be more
rubbery. Copolymerisation gives heterogeneous molecules which are
even more difficult to fit into a lattice, hence copolymers are usually
rubbery. For example Buna/S is more rubbery than either polystyrene
or polybutadiene alone.

Turning finally to the question of strength of high polymers, there is
found to be a marked discrepancy between the calculated and theoreti-
cal values for the tensile strength. Thus the tensile strength of phenol-
formaldehyde resin is 7-8 kg/mm.? compared with 4300 kg/mm?
calculated for primary bonds and 40 kg/mm? calculated for secondary
bonds. This is put down to “flaws” in the structure or Lockerstellen.
The Lockerstellen theory postulates that the maximum theoretical
number of primary bonds cannot be formed into a cross-linked polymer
owing to the reduced movement and decreased possibility of approach
of functional groups as soon as the first links are formed. It is as though
the active groups are shielded by the increasing bulk growing round
them. The effect is to yield holes in the structure, in which there are
free functional groups, and the result is a smaller and weaker macro-
molecule. For linear molecules, the discrepancy may also be explained
by assuming that rupture involves slippage of molecules over one
another rather than overcoming primary forces.

7
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Wider Implications of Polymerisation. At one time polymerisa-
tion was considered to apply only to systems where monomers, i.e. the
single chemical unit, were linked up together, and nothing was elimi-
nated. Polymerisation now has a wider significance, in great part due
to the work of Carothers. It is found that some chemicals in themselves
will not polymerise or form plastics. But when reacted together they
will form new chemical units which can be built up to form long
macromolecules. Many other long-chain compounds, having the
general properties of polymers, may be formed by condensation
reactions in which the elements of some simple compound such as
water are eliminated. Only compounds of the first type may be termed
polymers in the strict sense in which the term was first introduced. In
recent years this narrow interpretation has been discarded. Carothers
suggested that the definition of the term polymer should cover all
materials containing recurring structural units. Under this definition
the polyesters, polyamides, and a large number of other classes of
compounds formed by condensation may properly be called polymers.
Thus phenol will not polymerise to form a synthetic resin, nor will
formaldehyde alone. Yet brought together they will form phenol-
formaldehyde resin, one of the most important plastic structures.

Condensation Process. In these condensation processes, there
is more than one chemical entity involved—generally two. There is
an intermediate step before a reactive unit is formed, such as can be
built up into a structure. This usually involves a chemical reaction in
which a small molecule (often water) is eliminated. For this reason it
is known as a condensation action, i.e. something is squeezed out.
Typical examples are phenol and formaldehyde; urea and formaldehyde;
glycerine and phthalicanhydride; adipicacid and hexamethylenediamine.
Thereafter a larger chemical molecule is formed which is able to grow
further into a macromolecule.

There are monomers which can grow simultaneously in three dimen-
sions. For example, butadiene, etc. The essential difference between
these monomers when they polymerise, and the condensation systems, is
the relationship between the rate of linear growth and the onset of three-
dimenstonal growth. In most of these monomer systems the growth
of the linear molecule goes very far and is the main action. Indeed, it
may require sonie extra effort or some additional promoting material
to cause the three-dimensional system to be built up. Until this happens
the materials resemble the simple thermoplastic polymers. Typical
examples include rubber, polychloroprene, etc. For example, in the
case of rubber a promoting material—sulphur—must be present.
Bridging can then be induced, for example, by means of heat. In the
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case of the thermosetting plastics, the linear growth does not proceed
very far before the three-dimensional growth begins. This is an over-
simplification of the phenomcna involved, but it may give some
indication of what happens.

The foregoing description shows that it is possible to predict the
properties of a material by examining the structure. As a corollary it
is possible to prepare materials with desired characteristics by altering
the structure along the principles outlined.

Copolymerisation. The polymers formed in the ordinary way
have many remarkable properties. There are technical difficulties that
limit the wide industrial application of these materials. They are almost
invariably thermoplastic in character, sometimes a mixed blessing. In
fact, many types of polymers have melting points that are really too
low for most commercial applications.

Polystyrene resin has great resistance to moisture, and electrical
properties that make it particularly desirable for most electrical applica-
tions. Unfortunately it suffers from the severe disadvantage of being
somewhat brittle. While various plasticisers to some extent mitigate
this difficulty, they also detract from the electrical properties, which fact
narrows down any advantage that the plastic may have over other
materials, and makes it much less attractive for electrical purposes.

The polyacrylic resins have extraordinary light transmission proper-
ties, far transcending those of glass. They also have the unique property
of enabling light to travel round curves. But again therc is the ‘heel of
Achilles,” in that they are too soft and scratch easily. 'T'his factor
prevents a successful utilisation in the field at present almost monopo-
lised by glass. So far no satisfactory solution has been found to this
problem.

Polymerised vinyl acetate is not chemically resistant and tends to
saponify, which is detrimental for many purposes. And so one may go
on finding for each specific type of polymer some defect that acts
against its general commercial success. When one comes to the poly-
mers of the butadienes, then totally different difficulties are apparent.
They are almost invariably difficult to process and to work, while many
of them tend to deteriorate too rapidly.

Examination of the characteristics of many vinyl polymers show quite
conclusively that no single one possesses all the properties desirable in a
commercial material, such as strength, clarity, stability, water resistance,
oil resistance, etc. Yet as a group they have all these properties.

It was soon evident that in many cases, for some specific purpose,
the properties of any one polymer might be complementary to those
of another. Attempts were made to bring together these polymers with
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the object of producing a material having almost the ideal properties
for the particular purpose. One form which these efforts have taken
was to mix the respective polymers together mechanically where
possible; another angle was to take them up in solvents and to mix
them. Unfortunately, such methods have rarely worked. Almost
invariably the result has been to produce a material which is not
homogeneous and in which the unsatisfactory characteristics of each
polymer have predominated. Outstanding examples of such failures
are in connection with rubber, with which many of these polymers
have been mixed, nearly always giving useless products.

But in recent years a new technique has been evolved which not
only goes far towards solving the problem, but has opened up further
new fields for materials capable of polymerisation. Instead of mixing
the polymers, the original monomeric substances are brought together
and are then polymerised to the desired degree.

The process of copolymerisation is one of the most important in
plastics technology. By its means profound modification of the proper-
ties of the available vinyl polymers becomes possible. Boyer? has
compared it with the preparation of metallic alloys. It has already
helped to produce materials which possess properties akin to those of
the thermosetting resins on the one hand, and to rubber on the other.
Only the fringe of the subject has as yet been explored. It seems
highly probable that the extended use of the copolymerisation method
will facilitate the production of plastics having precisely those properties
which changing industrial requirements demand.

The process may be carried out upon mixtures of the monomers as
they are, or in solution, or as emulsions. The method employed,
however, has a profound influence on the properties of the product.

At first sight it would appear that a mixture of the two separate polymer
types would be formed. Actually this is not the case. Entirely new
materials result, in which both monomeric groupings are found in the
same polymerised molecule.

The properties of the material are different from those which might be
anticipated. They are not intermediate between the two types. Generally
they are much improved, while there are certain new characteristics
that are of great value. Whereas with mechanically mixed polymers
the individual ingredients may be separated, for example, by the use
of solvents, yet in the case of copolymers such a separation is not
possible. The solubility of a copolymer may be very different from
those of the components. Thus while vinyl acetate and vinyl chlor-
acetate each polymerise to give soluble products, the copolymer is
virtually insoluble in the same solvents.
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The Outstanding Copolymer. The outstanding commercial
plastic material made by this process of copolymerisation is the product
obtained from vinyl chloride and vinyl acetate. Consideration of
what happens in this case admirably illustrat/ei/whe effects of copoly-
merisation, .

Vinyl acetate polymerises to give polyvinyl acetate. 'This is quite
useful commercially and is widely employed as an adhesive. It softens
between 30°C. to 40°C. It is exceptionally resistant to heat and light.
Owing to the low softening tempcrature it cannot be processed and
moulded with any case. It also has a relatively high water absorption.
A typical ester, it is fairly dctive chemically; for example, undergoing
saponification in the presence of alkalis. It is soluble in alcohols,
ketones, esters, chlorinated hydrocarbons, and aromatic hydrocarbons.

Polyvinyl chloride’is quite different. It has a very high softening
point and is not very thermoplastic. It is chemically inert, virtually
non-inflammable, tasteless and odourless. It has great resistance to
corrosion, npt being attacked even by acids such as sulphuric, nitric,
and hydrochloric, nor is it affected by alkalis. It has extremely low
water absorption.

Furthermore, it is almost insoluble in all solvents in the cold, although
it goes up fairly readily in hot chlorinated hydrocarbons such as ethylene
dichloride. It is not particularly stable to light and heat. Because of
the high softening temperature and insufficient plasticity, it cannot be
processed very easily, so that milling and moulding are difficult. The
result is that moulded products have unsatisfactory mechanical charac-
teristics, since all sorts of unrelieved strains are set up which affect
tensile strength and impact strength adversely.

Consideration of the properties of these two vinyl compounds showed
that if they could be combined a useful material should be obtained.
Mechanical admixture of polyvinyl acetate and polyvinyl chloride was
tried from every conceivable angle. The resulting mixtures were
invariably too weak and brittle. Finally the idea of mixing the mono-
meric vinyl acetate and vinyl chloride first and then polymerising the
two together solved the problem. A copolymer was obtained which
consisted of a linear chain molecule in which vinyl chloride and vinyl
acetate have reacted with each other, and at the same time have poly-
merised. The molecule is thought to be as shown in Fig. 23.

The copolymers formed in this way are found to be thermoplastic,
odourless, tasteless, and non-inflammable. The mechanical properties
ate considerably higher than could have been forecast. Not only is
the tensile strength very high, but the products are extremely tough
and have a measure of resilience. The electrical properties are very
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good. The materials withstand moisture. The resistance to corrosion
and chemical attack is outstanding, while the products are unaffected
by soaps, acids, alkalis, oils, and alcohol.

The scope of the copolymer is extremely wide, for it is most versatile
and can be worked or moulded without difficulty on rubber or plastics
machinery. :

The properties of any particular copolymer depend upon the mole-
cular weight (or, in other words, the degree of polymerisation), upon
the ratio of the two polymers, and upon their distribution along the
chain. The latter factor in turn depends upon the method of production.

The actual distribution of the respective vinyl components along the
copolymer chain is a matter of some uncertainty. It can be controlled
within reasonable limits only by maintaining rigid control of the
conditions under which the polymerisation is carried out. Any devia-
tions may lead to the production of products having different properties.
Since the molecular chains may contain some hundreds of the monomer
units joined together, there is evidently some scope for variation in
the positions. It is these factors which make rather difficult the
reproduction of successive batches so as to have absolutely identical
properties.

In general, it has been found that the mechanical properties improve
with a rise in the degree of polymerisation, while the other properties
are more or less independent of this, being rather a function of the
chemical composition.

The explanation of the action of the second monomer in copoly-
merisation appears to be fairly simple. Consider the case of vinyl
chloride and vinyl acetate. Polyvinyl chloride is thought to consist of
a chain of vinyl chloride units linked together. Sticking out from the
chain at intervals are the comparatively compact chlorine atoms. This
implies that adjoining chains can get very close together and develop
extremely strong forces of cohesion. As a consequence the flow charac-
teristics of polyvinyl chloride are comparatively poor. The adjoining
long chains cannot be easily unmeshed—they will not readily push
apart and flow.

By contrast vinyl acetate when it appears at intervals in the chains
has the comparatively long acetate group sticking out. This effectively
acts as a spacer and keeps adjoining chains a fair distance apart which
accordingly facilitates flow and gives a more amenable material.

Commercial Copolymers. .The vinyl chloride-vinyl acetate co-
polymer is the example which up to the present has found most use
as a commercial material. A number of proprietary products based on
this are available. Thus Vinylite, made by the Carbide and Carbon
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Chemicals Corporation in the United States, is the proprietary term
for a group of such copolymers.

In Germany the 1.G. Farbenindustrie make Igelite P.C.U. (polyvinyl
chlorid ungemischt), which is further compounded to yield the material
known as Mipolam. Another Igelite, M.P. (mischt polymeriziert) is a
copolymer of vinyl chloride and an acrylic acid ester.

The number of these materials 1s growing rapidly, since they have
so many commercial applications.

Another outstanding example of copolymerisation is in the case of
polyvinylidene chloride. This material ordinarily has a high softening
temperature 185—200°C., which is close to the decomposition tempera-
ture, 225°C. It cannot be processed along normal lines. But it copoly-
merises readily with vinyl chloride. 'I'he chief copolymers have

. softening points from 120°C. to 140°C., and can be handled. Thesc
are the “Saran” products made by the Dow Company. Vinylidene
chloride also copolymerises with vinyl acetate, styrene, acrylic esters,
and many others.

Polyvinylidene chloride is crystalline. Copolymers with less than
7o per cent polyvinylidenc chloride are no longer crystalline. The
softening point becomes lower as a copolymer is introduced and the
material becomes more soluble in solvents.

Copolymerisation and Synthetic Rubbers. There has been great
activity in the production of synthetic rubbers and similar materials
by copolymerisation of butadiene and other compounds.

Synthetic rubbers made by straightforward polymerisation have been
found to have very marked limitations. By forming copolymers, each
product possesses the general rubbery properties, but some extra
specialised characteristic in addition.

These are well illustrated by the different types of synthetic
rubbers. The early types were based on direct polymerisation of
butadiene, isoprene, etc., and were found to be unsatisfactory in many
respects. The copolymerisation process has facilitated the production of
successful materials, having properties which are specially suited for
definite applications.

Thus one type, GRS, is a copolymer of butadiene and styrene.
Perbunan is a copolymer of butadiene and acrylic acid nitrile. Apart
from possessing general rubbery properties, they have special ones.
Thus GRS is recommended for electrical resistance, Perbunan for
oil resistance, and still another type where heat resistance is required.
The production of these copolymer synthetic rubbers proceeds apace;
new types are being developed almost daily, although naturally most
are found not to be suitable for commercial purposes.
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The Process is Specific. 'The process of copolymerisation is
specific. That is to say, it does not follow that admixture of any two
vinyl monomers will inevitably produce a copolymer. For example,
styrene and vinyl acetate will not polymerise together. All that happens
is that the styrene polymerises in the normal way to yield polystyrene,
while the vinyl acetate remains unchanged. The nature of the radical
attached to the parent nucleus has a profound bearing on this ability
to yield copolymers.

Methods have been developed which have overcome to a great extent
this reluctance of some monomers to copolymerise. In fact the 1.G.?
claimed to be able to copolymerise any pair of the vinyl and acrylic
acid series. Rohm and Haas!? likewise make a similar claim for different
members of the methacrylic series of compounds. According to another
patent the I.G. claimed that mixtures of such monomers which in the
normal way will not copolymerise could be made to do so by means of
suitable promoting agents. Their method was extremely ingenious.
They added substances which readily copolymerised with either of the
components of the mixture. 'T'hus styrene and vinyl acetate, which, as
already stated, do not copolymerise in the ordinary way, did so in the
presence of acrylic acid and esters. Styrene and vinyl chloride were
made to copolymerise by the presence of maleic acid esters. In some
cases even a fourth component could be added. The proportions of
the materials could be varied within very wide limits.

Developments of Copolymerisation. Another aspect of copoly-
merisation, although known for some years, is only now beginning to
acquire commercial importance. It was found possible for certain types
of materials which in the normal way were not known to polymerise
to enter into copolymers with suitable polymerisable compounds. Thus
maleic acid derivatives are not ordinarily known to give polymers.
The molecules are unable to link up together. Yet maleic anhydride
will form copolymers with styrene under suitable conditions. Apparently
the styrene is able to take it up during polymerisation, since the maleic-
anhydride appears in the final molecules.

Yet there is some law that controls this action, for it is found that
when excess of styrene is present all of this will go into the polymers
with the maleic acid anhydride. With excess of the latter it is found
that only the chemical equivalent will go into the copolymer, the
remainder remaining unchanged.

Solubility and Thermoplasticity. Another important aspect of
copolymerisation has yet to be considered.

It has recently been shown that by utilising small quantities of
specially selected secondary materials that it is possible completely to
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modify characteristic properties of the polymers. Thus the introduction
of small amounts of divinyl compounds to ordinary vinyl materials is
found to give insoluble polymers by contrast to the polymerised vinyl
compound which is soluble in the solvent in question. It is considered
that these additions give the long-chain molecules a very pronounced
three-dimensional character. This procedure has acquired some com-
mercial significance.

Staudinger and Heuer!4 showed that additions of small amounts of
divinyl-benzene to styrene yielded, after polymerisation, an insoluble
polymer which would only swell to a limited extent in solvents in which
polystyrene is freely soluble.

CH=CH,; ——» —CH—-CH,—CH—CH;—CH—CH,—CH—CH,—
CgH; CgHy CeHj CgHjg CgHjs
Styrene Polystyrene
But when divinyl benzene is present something like this is formed
CH--CH, —(; H—CH,—CH—CH,—CH—CH;—CH—CH,—CH—CH ,—
CgH; CgH; CeH, CeH; CgHjy
Styrene
(fH =CH, p — » CgH,
CeH,
CH--CH, —CH—CH,—CH—CH ,—CH—CH ;—CH—CH ;—CH—CH ,—
Divinyl benzene | | |
CgHjy CgH; CgHy CeHj
Fic. 24

This was thought to operate because the divinyl benzene caused the
normally unbroken straight chain of polystyrene to branch when one
of these molecules joined in. Each branch would proceed from a certain
length and would again pick up a divinyl benzene molecule and would
branch again. In this way a three-dimensional structure is rapidly built
up, a fact which is considered to modify profoundly the behaviour of
materials in solvents. It only needs comparatively few molecules of the
divinyl compound to exert a very marked effect. This principle of
adding a small amount of a multi-functional material is being widely
applied to modify the character of substantially linear macromolecules.

Blaikie and Crozier! described how, by forming a copolymer of vinyl
acetate with a small amount of divinyl ether, a material was obtained
that was quite different from polyvinyl acetate in that it was quite
insoluble in solvents for this polymer.

Other materials known to exert this insolubilising effect in vinyl
derivatives include glycol diacrylate and hydroquinone diacrylate.
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Dorrer, Hopff, and Staudinger? polymerised aliphatic vinyl compounds
such as aliphatic vinyl esters or ethers in the presence of 5 per cent of
divinyl benzene or isopropenyl benzene. 'The resulting materials were
completely insoluble in aromatic hydrocarbons, although some did swell
to a slight extent.

Modification of the polymerised materials is tackled from two
directions. The one that has already been discussed is regarded to
function by introducing materials into the straight-chain molecule that
will cause the chain to acquire branches, so that a single straight chain
becomes tree-like, spreading into a third dimension, causing molecular
obstruction in solution.

Another angle that is being attacked is to introduce into this molecule
another material which, although able to copolymerise, still retains part
of its unsaturated nature, so that the copolymer itself is still chemically
reactive. This procedure has been particularly aimed at overcoming
the thermoplasticity of these plastics, a factor which is frequently a
disadvantage. Thus the 1.G.® proposed to overcome this disadvantage
by copolymerising the vinyl compounds together with another vinyl
compound which, in addition to the vinyl grouping, contained another
unsaturated aliphatic group, the latter not being affected by the poly-
merisation process yet able to make the material vulcanisable. They
formed a copolymer of acrylic acid ethyl ester and a dimethyl acrylic
acid vinyl ester.

Staudinger!® has described the parts played by the chemical structure
and the physical arrangement. He says: “‘Chemical structure, together
with physical arrangement of the polymer molecule, can be used to
explain nearly all characteristics of these macromolecules. Dealing first
with the chemical constitution, one can say that generally the chemical
behaviour is influenced mainly by the constitution and the nature of
the end-groups and that of the secondary, or side groups, which are
attached to the main chain, while the physical properties are also
influenced by the length of the chain and its degree of attachment by
cohesional forces to adjoining chains; for example, the physical proper-
ties, which are markedly dependent on the length of a chain molecule,
are the nature of its solution, and the tensile strength, while plasticity
and elasticity derive their variation also from differences in the con-
stitution of the secondary groups and from the configuration of the
polymer.
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PART 11 .
THERMOSETTING RESINS AND THEIR
PILASTICS

CHAPTER 1V
PHENOILIC RESINS

THE phenol-formaldehyde class of resins, also referred to as the phenolic
resins, is the most important group of plastic materials at the present
time. Until comparatively recently there was no questioning its
supremacy. Now several other types of plastics are gaining rapidly in
volume, and may in due course surpass it. It is a question of speed
of development. While phenol-formaldehyde still progresses at what
ordinarily seems a rapid rate, some others are cxpanding in a phenomenal
manner. Ilowever, in 1947 consumption of phenolic resins exceeded
300 million pounds.

'The chief raw materials are formaldehyde and phenol, or cresol.
The latter is mainly mecta-cresol with minor amounts of ortho- and
para-cresol present.

Apart from these, other chemicals which have phenolic groups, such
as xylenol, resorcinol, and so on, give commercial resins. On the other
hand, aldehydes other than formaldehydes may be used. However, as a
rule the simple chemicals are more readily available and predominate.

Historical Background. Phenol-formaldehyde resin was the first
commercial synthetic resin to be made, having been described and
patented in 1908 by Baekeland.? It is still the most versatile of all known
synthetic resins, and is produced on an ever-growing scale.

Nevertheless, the history of phenol-formaldehyde dates from long
before this time. Baeyer? in 1872 noted that phenols and aldehydes
reacted to give resinous products. 'T’he reaction was not specific to
this pair, i.e. phenol and formaldehyde, but was general. However,
until the advent of Baekeland the reaction could not be brought under
control. In the interim a considerable amount of work was carried out
in the field of phenol-formaldehyde resins. For example, Kleeberg®
found that formaldehyde reacted with phenol, resorcinol, pyrogallol,
etc., in the presence of concentrated hydrochloric acid to give resinous
or viscous insoluble products.

In 1900 Smith?® had prepared resins from phenol and paraldehyde.

109
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He obtained a useful material which could be moulded and he proposed
to utilise this for electrical insulation. Shortly after this there was an
active interest in developing substitute materials for shellac, which was
then in short supply. This stimulated great activity with the resins
obtained from phenol and formaldehyde.

Luft?® employed acid catalysts, such as hydrochloric or oxalic acid,
in the reaction, to prepare resinous materials which he found to be
soluble in acetone and alkali. e proposed to add fillers to this material,
and to use the products for making moulded articles.

A few years later Story?! prepared viscous materials by heating phenol
with formaldehyde at high temperature for a number of hours. He
cast this material in moulds and hardened it by heating at temperatures
below 100°C. for some time. A hard, tough, transparent, insulating
material was obtained. This was the forerunner of modern cast phenolic
resins. He also found that the resinous materials could be dissolved
in solvents to give a product which could be employed as a varnish.
Due largely to the lack of uniformity these products did not achieve
much success. For one thing, the copious evolution of gases during the
hardening process led to useless products.

A considerable amount of useful work was carried out in this field
by Lebach,? who prepared phenol-formaldehyde resins, employing
organic acid chlorides and aluminium chloride as the condensing agent.

Arrival of Baekeland. This was followed by the classical work
carried out by Baekeland? which first established satisfactory procedure
in controlling the reaction between phenol and formaldehyde. Ile
worked out all the necessary conditions required to maintain this con-
trol. In 19o8 he was granted the patent, in which it was shown that
a resin which could be hardened by heat was produced by using an
alkaline catalyst to the extent of o5 up to 10 per cent, which is equivalent
to one-fifth of the proportion of phenol present. He stressed the point
that in no case should this exceed 20 per cent of the total reaction
mixture. He also showed that porosity could be overcome by carrying
out the heating under high pressure.

A short time afterwards came the patent which illustrated the tech-
nique for converting the resin by a short moulding process -into a
moulded article having excellent mechanical and electrical characteristics.

Rapidly following on these developments came patents for preparing
solutions of the resin and using such solutions in impregnating fibrous
sheets for the preparation of laminated materials.

The master patents expired in 1926, and thereafter there was a
considerable expansion in the number of concerns interested. This
accounts for the numerous proprietary types now available.
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Leading Raw Materials—Phenol. As has already been suggested,
phenol is the prototype of a large group of phenolic materials which
are capable of forming useful synthetic resins with aldehydes. By far
the most important commercially are phenol itself, and the cresols.
'There is a host of substituted phenols which also form resins. In many
instances they are oil-soluble and these have a limited, if important, use.

Phenol or carbolic acid (molecular weight g4) is a white crystalline
compound, which turns pink on exposure to air. Commercial phenol
as used in present-day manufacture is 997 per cent pure, and melts

OH
PHENOL
OH OH OH
g O
CH,
CHj
O-CRESOL m-CRESOL p-CRESOL
CE‘”" Q Q”“ U Q Q
CHy CHgy
1.2.3. 1.2.4 - 12.5. 1.2.6. 1.3.5. 1.3.4
XYL ENOL XYLENOL XYLENOL XYLENOL XYLENOL XYLENOL

Fig. 25. Typical phenols used for making resins

at 40-8°C. It has always been obtained as a by-product in the distillation
of coal-tar; but the demand for phenol has been so great that coal-tar
as the sole source of supply has become uiterly inadequate. As a result,
in recent years the synthetic production of phenol has made enormous
strides.

In the distillation of coal-tar the fraction following phenol is cresylic
acid, or cresol (molecular weight 108) obtained as a light brown liquid.
‘There are invariably three isomers of cresol present:

Ortho-cresol: melting at 31°C.; boiling point 191°C.
Meta-cresol: melting at 12°C.; boiling point 205°C.
Para-cresol: melting at 34-7°C.; boiling point 202°C.

They differ only slightly in their physical properties. In their chemical
behaviour, particularly where resins are concerned, they differ con-
siderably. Meta-cresol is by far the most important of the three; it
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reacts readily with formaldehyde, giving a fast-setting resin. 'I'hus, in
order to obtain satisfactory synthetic resins, the proportion of meta-
cresol must be greater than 55 per cent, while the amount of o-cresol
must not exceed § per cent. The specific gravity should be 1-036.
Owing to the cost comparatively little has been done about separa-
ting them, so that the composition as obtained from coal-tar is very
important.

Such mixed cresols are far cheaper than phenol. Ordinarily there
is a very ready supply of them. Since they give extremely satisfactory
moulding resins, albeit somewhat dark in colour, they are in great
demand. So much so, that since the U.S. coal-tar industry cannot
adequately supply their plastics industry with cresylic acids, large
quantities are imported from Great Britain.

As an indication of quantities involved, the following U.S. particulars
are extremely enlightening:

TaBLE 30

UnNiTED STATES PRODUCTION AND SALEs oF PHENOL IN 'I'HOUSANDS
oF Pounps?2

i Sales
Yecar i Production

: Quantity Unit Value

| o e
1917 | 04147 64,147 ¥37
1918 100,794 100,794 '35
1919 | 1,544 1,544 ‘10
1923 | 3,311 2,180 27
1925 | 14734 8524 - 21
1926 | 8,691 | 5,480 18
1927 | 8041 4595 ‘15
1928 | 10277 | 7,746 ‘12
1929 | 24,178 = 19,939 . ‘11
1930 21,147 17915 ‘11
1931 17,081 | 14,002 ‘10
1932 13,965 ' 12,181 ‘10
1933 33,220 27,923 ‘10
1934 44935 36,241 11
1935 43,419 34575 ‘10
1936 48,724 | 40,942 ‘10
1937 65,600 | 57,176 | ‘1T
1938 44,548 32,196 11
1939 68,577 | 59857 | ‘10
1940 96,155 | — L 09
1941 130,000 — \ —
1948 239000 | — | —
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Present U.S. annual production of phenol exceeds 200,000,e00 Ib.,
of which about 86 per cent is synthetic and 14 per cent is natural. About
55 per cent of the total goes.into plastics. So far as the coal-tar industry
is concerned, here are some figures for 1947:

TABLE 31
Usks FOR PHENOLIC REsiNg?3
Tar Acid Resin Production, (1.S., 1947, in lb.

Total Usage . . . . . 252,000,000
IFor Adhesives . . . . . 32,000,000
For Laminating . . . . 40,000,000
For Moulding and Casting . . 115,000,000
For Protective Coatings . . . 31,000,000
Other Uses . . . . . 34,000,000

Synthetic phenol is made in this country by the Monsanto Company
Ltd. In the United States a number of concerns are interested. Among
the most important are Barrett, Dow, Durez, and Monsanto. Du Ponts
are also extremely active, but their synthetic phenol is not used for
phenolic resins, but for adipic acid, as an intermediate in the production
of nylon. Several other large concerns, including G.E.C., of America,
are constructing synthetic phenol plants.

Synthetic Production of Phenol. 'The synthetic production of
phenol is carried out along the following lines.!'® Commercial synthesis
of phenol involves the conversion of benzene in two stages as:

CgHy » CeH X —— C ;0N
Where X may be either the SO3H- group (sulphonation method) or
ClI (halogenation method).
Considering first the sulphonation method the reaction
CoH g+ H,80, — > C4IT,80,11 1 1,0
will only go to completion if one of the products is removed as follows:

(a) Water as hydrates of sulphuric acid.
(b) Water by distillation.
(¢) Benzene sulphonic acid.

One process removes the benzene-sulphonic acid as a 2 per cent
solution in benzene, and can be made continuous. This is considered
to be the most efficient of the sulphonation processes, but it requires
large-scale installation and efficient benzene recovery, since 49 lb. of
benzene must be used for each pound of benzene-sulphonic acid
produced. Furthermore, the same quantity of sulphuric acid must be
cycled as in the excess acid method although the spent acid may be
reconcentrated.

8
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All sulphonation methods require conversion of the benzene sul-
phonic acid to the sodium salt (by means of soda ash or by-product
sodium sulphite) and evaporation to dryness before fusion. In this
operation, about 25 to 3 mols (25 to 50 per cent excess) of fused caustic
soda are used per mol of sodium benzene sulphonic acid, with about
10 to 20 per cent weight of water, fusion occurring at about 300° C.
Open hemispherical iron pots with agitators are employed; and about
g hours are required for a 1,500 Ib. batch of phenol. The fusion mass
is discharged into a measured quantity of water when phenol may be
liberated by acidification. It is then recovered by distillation.

'The major disadvantages of the fusion process are the large amounts
of caustic soda required and the oxidation of sodium phenolate due to
contact with air. Maximum yield are about g2 per cent. The best
conversion of benzene to phenol works out to about go per cent.

In the continuous halogenation process, either alkaline or catalytic
hydrolysis is used. In the alkaline process worked by the Dow Com-
pany, chlorobenzene, 25 per cent excess sodium carbonate, and water
are reacted at 320 to 400° C., and 3,000 lb. per sq. in. pressure to give
free phenol in a yield of from 84 to 95 per cent of theory. Diphenyl
oxide is a by-product, but its formation is said to be inhibited by
including it to the amount of 10 per cent in the reaction charge. In
the chlorination of benzene the yield of chlorobenzene is only 70 per
cent so that the overall yield of phenol from benzene is only about
66 per cent. The high operating pressures and temperatures, as well
as equipment cost, restrict the use of this process to large operations;
and markets must be maintained for disposal of the by-products—
o- and p-dichlorobenzene and diphenyl oxide.

The Raschig Method. The Raschig!? process is stated to pro-
duce less than one-tenth of a pound of by-product for each pound
of phenol.

"The Raschig, or regenerative method, 8 is the most recently developed
commercial process and is based on the catalytically promoted re-
actions:

CeHg+HCl4+-0 —> C,H,Cl4+H,0
CeH;Cl4+H,0 ——— CH,OH+4HCI

The process itself is somewhat complicated. Briefly, it consists,
first, in passing a vapour mixture of benzene, hydrochloric acid, and
air through a catalyst.18

Material costs are low; theoretically only benzene and atmospheric
oxygen are required. Conversion, however, is also slow. Chlorination
is also accomplished with 15-20 per cent hydrochloric acid at 200° to
250°C. In the presence of copper-iron or copper-cobalt catalysts
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imbedded on activated alumina there is obtained a 12 per cent con-
version per pass. This produces a mixture of chlorinated benzenes
from which monochlor-benzene is distilled in the pure state for use in
the second step. In this second step, a vapour mixture of mono-chlor-
benzene and steam is passed through a catalyst which produces phenol
and regenerates the hydrochloric acid. The catalyst consists of active
silica or phosphates of magnesium, calcium, and zinc at 400° to 500°C.
with a 10 per cent conversion per pass. These two stages actually
form a completely continuous process, and during the process most of
the materials formed, and the catalysts, are recovered for re-use, phenol
being extracted or drawn off as it is formed, and new materials and
new catalysts added as the original materials wear out or become
used up.

Yields are not published but about 3 per cent of hydrochloric acid
is lost owing to the formation of higher chlorinated products, while
diphenyl oxide is also formed in the hydrolysis step. The important
considerations in the successful operation of this method are corrosion
and heat recovery.

Formaldehyde. I‘ormaldehyde is a key material for many forms of
synthetic resin production. Output amounted in 1948 to about
523,000,000 lb., of which half went into plastics. It is not only of
paramount importance for phenolic resins, but the same applies equally
to aminoresins, to melamine resins, to polyvinyl formals, and to many
other types. It is a fact that formaldehyde appears to be the only
aldehyde which gives synthetic resins which will set rapidly enough for
present-day requirements.

It is available in three forms:

(@) As gas.
(b) As a solution of the gas in water known as formalin.
(c) As a white solid produced from formalin.

Formaldehyde is a gas at normal temperatures. It is obtained syn-
thetically by the hydrogenation of carbon monoxide. The more usual
method is to pass methyl alcohol, which is wood alcohol, as vapour
over a heated catalyst, such as copper oxide. The vapours are passed
into water, which absorbs them.

A solution containing about 40 per cent formaldehyde is the material
known as formalin.

Complete transformation into formaldehyde never occurs, and con-
sequently a little methyl alcohol is always present. A minute amount
of formic acid also occurs by oxidation of the formaldehyde. The
presence of these materials is not inimical to resin production. The
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minute amount of formic acid is considered to act as a catalytic agent
in the formation of phenolic resins.
Formalin solution, on standing, gradually polymerises and deposits
a white solid. This material is a polymer of formaldehyde. The exact
nature of the polymer is not yet clear. It reacts in almost the same
manner as formaldehyde, but being insoluble in water, and having a
high specific gravity, it settles out. This material is known as para-
formaldehyde, and when heated it returns to the gaseous condition,
i.e. formaldehyde.
Another form in which formaldehyde is obtained for use in the
production of phenolic resins is as hexamethylenetetramine. Formal-
dehyde combines with ammonia with the

/T\ evolution of heat,
cH; THZ cH,  OTICHO | § NI, e (CH,) Ny 6 11,0

and from the solution thus formed, a white

N . o .
c Hz/ \CHZ crystalline material is obtained, known as hexa-
N< >y methylenctetramine, or hexamine. It forms
\ rhombic crystals with melting point of 280" C.
CH, 'T'he molecular weight is 240 and the specific

gravity 1-02. T'his material readily gives up its
formaldehyde, and can be used in the production of synthetic resins.
Furthermore, the ammonia is also liberated during the resin production
and acts as a very effective catalyst.

Estimation of Formaldehyde Content. 'T'he formaldehyde con-
tent is estimated in the following manner:

Three c.cs. of the solution are added to 50 c.cs. of solution of hydrogen
peroxide, and 50 c.cs. of N sodium hydroxide and warmed on a water
bath till effervescence ceases. The excess of alkali is titrated with
N sulphuric acid, using phenolphthalein as indicator. A blank test
is then done by repeating the operation without the solution of formal-
dehyde. The difference between the two titrations represents the
sodium hydroxide required to neutralise the formic acid produced by
the oxidation of the formaldehyde by the peroxide. Each c.c. of N
sodium hydroxide is equivalent to ‘0300 gm. of formaldehyde.

Petroleumasa Sourceof Formaldehyde. The petroleumindustry
is beginning to acquire importance as a source of formaldehyde. This
is derived from natural gas, which is of course always found in enormous
quantities in the oil fields. Methane is one of the chief constituents of
natural gas. It is converted into formaldehyde by air oxidation. The
first commercial plant was started in 1938 in the United States.!® A
substantial tonnage of methyl alcohol, acetaldehyde, methyl ketone,
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etc., is also obtained by partial oxidation. 'The mixture is separated
into the major ingredients by fractionation.

The Preparation of Phenolic Resins. Phenol and formaldehyde
condense to form resinous materials. This behaviour is not confined
to these two materials. They are representative of types: thus, cresols
may be used instead of phenol, while other aldehydes, a notable example
being furfural, may be employed in the place of formaldehyde. Good
moulding resins are made commercially from phenol, or from m-cresol.

The variety of materials obtained by varying the ingredients is very
wide. In addition, different materials may also be obtained by varying
the conditions under which they are made.

Fig. 26. I'ypical resin manufacturing unit

There is much confusion concerning the mechanism of the formation
of phenol-formaldehyde resins, and a great deal of controversy. This
is due to the fact that there are a number of variable factors. No clear
picture has as yet been formulated to assess the relative importance of
these factors in relation to the final products. On the one hand there
are two sharply defined forms of procedure adopted in the preparation
of commercial resins. These are the:

(@) One-Stage Process where the whole of the formaldehyde is
added to the phenol at once in the presence of the catalyst.

(b) Two-Stage Process where a portion of the formaldehyde is
first added to the phenol, insufficient to produce an infusible
and insoluble resin. The balance is added at a-later stage
altogether with some or all of the catalyst.

This division is further complicated by the question of whether an
alkaline catalyst or an acid catalyst is employed. Great emphasis has
been laid on each of these factors from time to time.
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One-Stage Resins. If molecular equivalents of phenol and formal-
dehyde are mixed together, and a small amount of sodium hydroxide
solution is added, there is a brisk reaction. An alkaline catalyst is
usually employed in this method. Thus Baekeland used ammonia
which has proved an excellent catalyst. Phenol-formaldehyde resin is
rapidly formed.

Preparation of a One-Stage Resin
94 parts phenol.
100 parts formalin.
9-4 parts ‘880 ammonia.

PHENOL FORMALDEHYDE AMMONIA
IMOL. 08 MOL.
L 1
ACID
DIGESTER
HEXAMETHYLENE
NOVOLAK RESIN TETRAMINE

FILLER

_ 5- T
LUBRICANT B:dhl&lEJ:Y < 5ISPARTS
COLOUR ]

MIXING
ROLLS

[DISINTEGRATER |

PHENOL-FORMALDEHYDE
MOULDING POWDER

Fig. 27. Flow sheet for a two-stage resin moulding powder

These ingredients are slowly brought to boiling point under reflux.
The temperature must be carefully controlled in order to prevent the
resin from passing to the infusible condition. Usually water-cooling is
employed to keep the temperature below 100° C. After about half an
hour there is a separation into two layers. The resin is subjected to
vacuum distillation at about 80°C. in order to remove water, and there
remains a honey-coloured fluid resin. When this resin has been formed,
its subsequent behaviour is found to be entirely dependent upon
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temperature. At low temperature no further reaction proceeds, whereas
if the temperature is raised the resin proceeds towards the end con-
dition.

When cooled this resin becomes a hard brittle solid (specific gravity
1-28) which may be crushed to powder. At this point it is still thermo-
plastic, but relatively little further heating can cause it to proceed to
the final infusible condition. Since there is no known solvent for the
set resin, if it does set in the digester it has to be laboriously chipped out.
For this reason it is known as a single-stage resin, since the application
of a single factor, namely heat, can cause it to become infusible.

The Resins exist in Three Definite Conditions. In actual fact,
the honey-coloured resin appears to exist in three clearly defined con-
ditions. As prepared it is soluble in solvents such as alcohol and
acetone, and such solutions are the basis of many industrial lacquers,
varnishes, impregnating solutions, etc. Baekeland described this
material as Resol (or Resin A).

Slight heating converts this to the Resitol (or Resin B), when it is
no longer soluble in the solvents mentioned, but is still thermoplastic.
Further application of heat converts it into Resit (or Resin C), which
is quite infusible and represents the final condition of the resin.

As prepared in the one-stage process, the transition from Resol to
Resit is extremely rapid and critical. Because of this they are not
much used for moulding powder, but rather for applications in solu-
tion as adhesives for laminating and impregnation and for certain
lacquers.

Properties of Resit or Resin C. Phenolic resin in the conditions
known as the “C’ state, or Resit, is unique when compared with any
natural resin. Besides resisting temperatures up to 300°C. the resin
is strong, possesses good heat and electric insulating properties, is
extremely inert, resisting attack by all but the most powerful reagents,
and is quite insoluble in all organic solvents. It is even resistant to
hydrofluoric acid, which attacks glass, and consequently may be used
for constructing containers for that acid.

This end-product resit, or resin C, is brilliant, hard, clear resin of
high refractive index and pleasing yellow-brown colour, and may be
used as a substitute for amber for decorative and utility articles.

Articles such as umbrella-heads, fountain-pens, beads and cigarette-
holders can be machined from solid blocks (cast into glass moulds)
and polished. By the introduction of waxes and pigments, cloudy and
tortoiseshell-like effects may be produced, and by a special method of
manufacture the resin may be pulverised and moulded under heat and

pressure, still retaining its transparency.
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It should be noted that phenolic resins tend to darken on exposure
to light and air. As yet, no reliable means has been found to prevent
this.

The Two-stage Resin. In order to make commercial moulding
powders, a modified procedure is employed which results in resins that
are less critical and touchy and more casily handled. 'These are known
as two-stage resins.

Fig. 28. Some of the rcaction vessels for the manufacture of
phenol-formaldchyde resin®®

This type of resin is prepared by reacting phenol with less than the
equivalent quantity of formaldehyde in the presence of an acid catalyst.
This results in the formation of a resin which is fusible and which
cannot be set merely by the application of heat. The resin formed is
virtually permanently fusible and is known as Novolak, the name given
by Baekeland.

In order to enable the resin to proceed to the final resit condition,
it is necessary to supply a further quantity of formaldehyde in some
form. This is generally achieved by the addition of polymers of formal-
dehyde, such as paraformaldehyde, or more generally by the addition
of hexamethylenetetramine. In the latter case between 10-15 per cent
is added. This brings the amount of formaldehyde up to 1-5 equivalents
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"This will transform the resin to a thermosctting type, for which the
ammonia, released simultaneously, will act as catalyst. Credit for the
initial use of hexamethylenetetramine goes to Aylsworth.?

This is the most widely used method for the production of phenol
formaldehyde resins for moulding powders. The resins formed can be
handled and heated without fear of passing to the set condition. Their
use offers many manufacturing advantages. It enables the addition of
other essential ingredients without the risk of ruining batches of
material.

In actual fact it is not correct to state that these two-stage resins, or
novolaks, are permanently fusible. 'T'his is only quite true when there
is a comparatively small proportion of formaldehyde present.

TABLE 32

SUMMARY OF REAcTION TYPES

Phenol FFormaldehyde Catalyst T'ype of Resin
1 mol. More than 1 mol. Alkaline One-step

1 mol. Less than 1 mol. Alkaline Two-step

1 mol. 1 mol. Acid Novalak

1 mol. 3 mol. Alkaline Cast Resin

The Preparation of Phenol-formaldehyde Resins. The phenol-
formaldehyde condensation is carried out in a digester or kettle. Because
phenol or cresol is very corrosive, the digester must be specially con-
structed either of copper or steel, being lined with enamel or with
nickel. Some are made of silver or of monel metal. The digester is
jacketed, so that it may be steam-heated or water-cooled. It is fitted
with stirring gear, and is connected with a vacuum pump. There is a
glass viewer through which the progress of the reaction can be studied.
A large valve in the bottom serves as an exit for the finished resin. In
actual production from time to time samples are removed and tested
for free formaldehyde.

The resin is usually poured out of the bottom into large trays to a
depth of several inches, cooled, and the solidified resin is broken up by
means of sledge-hammers. It does not adhere to the trays.

A very much improved method employs a continuous steel belt which
carries away the resin as a relatively thin layer which can easily be
reduced to powder form. Prepared in this manner the resin is ready
for conversion into moulding powders.
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Some Manufacturing Procedures.

A One-Stage Method using Cresol

The following may be taken as an example of a resin made by a
wet one-stage process, and suitable for general purposes:

Cresol 500 Ib.

Formaldehyde 450 Ib.

Sodium hydroxide 2 1b.
--vent

Resin kettle

Fig. 29. Typical set-up of resin kettle and accessorics

'The materials are weighed out and a slight vacuum is applied to the
digester, when on opening the feed-cock the mixture is immediately
sucked into the interior. The stirrer is started up, revolving at about
40 r.p.m. and the water turned on in the reflux, care being taken to
see that all the valves are correctly adjusted.

The contents are gently warmed up to about 60-70°C. by admitting
steam to the jacket. At this temperature the action becomes exothermic
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and proceeds spontaneously of its own accord, reaching a temperature
of about 100°C.

This is allowed to reflux for about half an hour. Distillation is then
commenced and matters are so arranged that about 1 gallon of water
comes over every 3 to 3} minutes, adjustments being made in the
heating and cooling arrangements if necessary.

COIA L WATER wOOD

[ ]
COAL TAR CARBON HYDROGEN
1 MONOXIDE

[ ] 1
PHENOL CRESOL XYLENOLS
1 METHYL ALCOHOL

|
! FORMALDEHYDE
]
IDIGES TERI
STAGE 1 STAGE 1 |
1 MOL. PHENOL 1 MoL, PHENOL 1 MOL. PHENOL
08 MOL. FORMALDEHYDE {*5MOL. FORMALDEHYDE 2'5MOL. FORMALDEHYDE
ACID ALKALI ALKALI
STAGE 2
HEXAMETHY LENE
TETRAMINE ACID
FILLERS, ETC.
MOULDING RESIN FOR ADHESIVES. CASTING RESIN
POWDER VARNISHES, ETC.

Fig. 30. Phenol-formaldehyde resins

As soon as 40 gallons of water have come over, the stirrer is stopped
for a moment, the vacuum pump is switched into operation and the
‘tap at the top of the pan admitting air opened a little, in order to
inhibit excessive frothing.

The stirrer is then started and the remainder of the water removed
under vacuum. It is usually necessary to turn steam on to the jacket
shortly after the application of the vacuum in order to counteract the
temperature drop.

Phenol-formaldehyde resins are available in two forms. The first is
a syrup employed for cements, impregnation and the like, and the
second a solid used for moulding powders and the making of lacquers.



124 MODERN PLASTICS

According to whether a liquid or solid resin is required, so the
cooking of the resin in the digester is stopped at an earlier or later
stage. The transformation from a thin liquid resin to a thicker one,
and so to a solid, with progressive increase in viscosity and melting
point, proceeds evenly as heat is applied. When the operation is per-
formed without stirring, the initial liquid resin can be observed to
settle out to the bottom as a clear yellow mass with an aqueous layer
on-top.

Samples are withdrawn from the batch from time to time
and tested for “feel,” and, if a liquid resin is to be produced, for
viscosity.

Melting Point and ‘‘Feel’’ of a Solid Resin. When a solid resin
is produced it is tested for melting point and ‘‘feel.” It should be
bright and clear and should crumble readily in the fingers without
being sticky. If it is tacky, the dehydration is incomplete. When the
resin is ready it must be emptied from the pan and cooled as rapidly
as possible.

Cooling is carried out by running the resin out in long, shallow
trays, measuring anything from 5 to 12 feet long and 2 to 4 feet wide
and a few inches deep. Several trays may be used for one batch, and
the last traces of resin can be blown from the still by reversing the
vacuum pump and using it as a compressor.

Impregnating Varnish. Sometimes it is desired to make an im-
pregnating varnish for armature coils and the like, in which case, water
is circulated vigorously in the jacket to cool the contents of the digester
somewhat, and rather more than an equal weight of industrial spirit is
added slowly with stirring. The varnish is always tested for solid
content and viscosity. A varnish such as this, suitably dyed, may be
used for staining electric light bulbs. It is also used for making moulding
powders by the wet method, i.e. mixed with wood flour or asbestos and
then dried in a vacuum oven. 'The yield of resin obtained from a batch
such as that indicated is usually of the order of 55-60 per cent, or
slightly more if a liquid resin is being prepared.

A Two-Stage Anhydrous Resin. Anhydrous resins are prepared-
for special purposes. A typical two-stage anhydrous resin can be made
as follows: Cresol and 2 per cent of hexamine crystals are fed into the
heated digester. When the temperature reaches 140°C. a vigorous
reaction commences and the steam is turned off as the pressure may rise
to 8o Ib. per sq. in. inside the pan on account of the ammonia evolved.
The steam is turned on again when the evolution of ammonia ceases
and heating is continued for 3—5 hours at 165°C. to eliminate traces of
the gas. Cresol is volatile in steam and if necessary, free cresol may be
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removed by blowing steam through the mass. The fusible resin is then
allowed to cool to 100° C. and a further 10-12 per cent of hexamethyl-
enetetramine added 'T'he ammonia which is evolved can be bubbled
into formalin, so to produce more hexamethylenetetramine.
Large-scale Procedure for making a Two-Stage Phenol
Resin and Moulding Powder. A typical American procedure used

Fig. 31. Some of the reaction vessels for making phenol-formaldehyde resins®®

for making a two-stage resin on the largest scale has recently been
described.1? The process is carried out in a giant steam-jacketed steel
kettle having a capacity ranging from between 1 to 15 tons of finished
resin. Solutions of phenol and formaldehyde from enormous storage
tanks are transferred into the steel kettle being weighed by photo-
electric controlled machines. In order to keep it fluid the phenol is
maintained at -45°C.

A trace of sulphuric acid is added to catalyse the reaction. Steam
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up to 150 lb. sq. pressure is passed through the jacket. A very high
vacuum is also applied. The kettle is fitted with a slow speed agitator.
The actual temperature employed may range from 80° C. up to 150° C.
All temperatures and pressures are automatically controlled. The
treatment is carried out for some hours until the mass has reached a
heavy syrupy consistency. A large valve in the bottom is then opened,
and the hot resin pours on to a steel floor forming a layer of between

Fig. 32. Drawing off liquid phenolic resin from a still?#

2 in. to 4 in. deep. It is cooled for some hours and is then broken up.
There is no tendency for sticking to the floor.

The resin is automatically weighed and then crushed in a rotary
type of crusher to particles of } in. to 4 in. This then passes on to a
roller mill which reduces the resin to a powder of 200 mesh. This is
transferred for further processing by means of compressed air. It is
passed to a mixer where such ingredients as a lubricant and any other
material may be added. For example, with a two-stage resin the
hardening agent such as hexamethylenetetramine can be added at

this stage.
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'T'he resin is now processed to form the moulding material. Colouring
matter, fillers, etc., are added in a big mixer of the Banbury type before
rolling. About go per cent of moulding powders contain wood flour,
which may be present in proportions up to 50 per cent of the total
moulding composition. In the case of coloured products the material
is mixed on a ball mill. With black or brown materials Banbury mixing
is employed. The mixed powder is then passed to roller mills such as
are used for rubber. The rolls arc held at differential temperatures of
105°C. and 150°C. in order to prevent sticking. 'The rolling process
makes the product homogeneous, and also advances the cure. The
length of time of rolling varics with different types of material, and is
controlled by the flow characteristics and other desirable factors. The
material is then stripped and passed on to another set of rolls which
further improve the homogeneity, and also further advances the cure.
It is then ground to granular particles in a saw-tooth crusher. 'The
materials are finally blended and packed.

German Methods. German production is typificd by the following
procedures which were in use at Troisdort.?”

The raw materials used were as follows:

Pure phenol - synthetic from Leverkusen, where it is made from
benzene sulphonic acid.

Crude phenol-—

45-55 per cent phenol
30 per cent cresols (about one-third m-cresol)
12 per cent xylenols
0-0§ per cent pyridine
1 per cent unsaponifiable

Cresols are supplied to D.A.B. (German Pharmacopocia) specifications.

Grade Approximate Composition
D.A.B. 4 M.1. 28-30 per cent m-cresol, about the same p- the rest o- and
xylenols
D.AB. 4 M.2. 30-35 per cent ditto
D.A.B. 4 B.1.  38-42 per cent ditto.
D.AB. 4 B.2. 42-45 per cent ditto
D.A.B. 4 B.6. 50 per cent m-cresol, 50 per cent p-cresol

Phenol mixture S.R.I. is a mixture of phenols obtained from Leuna.
This is used for making resins for moulding materials. Such moulding
materials are slower curing at normal moulding temperature (150°C.)
than standard grades, but if the moulding temperature is raised to
170°C. the rate of cure is not much slower than that of a standard
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moulding material at 150" C. Pure phenol moulding materials cure in
40-45 seconds. S.R.I. materials require 6o 70 seconds.

Xylenols have a boiling range 210°-225"C.

High boiling tar acids, boiling range 225°-250"C., are used for making
resins for laminated materials.

Storage—The phenol is stored as a go,/ro water mixture and consc-
quently remains liquid at normal temperatures. 'I'anks are galvanised
iron.

IFormaldehyde is stored in the open in lagged aluminium tanks and
the pipe-lines are aluminium or Mipolam.

Novolaks arc made either by a semi-continuous process in which the
condensation is done in one still and the evaporation in another, or by
a batch process in a universal still suitable for either novolak or resole
production.

The condensation still is fitted with a reflux condenser, but has no
mechanical stirrer. Stirring is done at the start of the production by a
stream of compressed air. 'The quantities of materials used are:

650 kg. phenol
65 kg. water
585 kg. formaldehyde
3-25 kg. oxalic acid crystals
o'5 kg. 100 per cent HCI as aqueous solution
"I'he oxalic acid is dissolved in hot formalin. "I'he phenol, which already
contains the water given in the formula, and the formalin are measured.
The contents of the still are thoroughly mixed by an air-stream and
heated to the boiling-point as rapidly as possible. T’he mixture is kept
refluxing for 6o minutes and o-5 kg. hydrochloric acid (calculated as
100 per cent; used as 15 per cent) is added slowly. 'The addition of
hydrochloric acid requires 10 minutes and the charge is refluxed for
a further 25 minutes. The reason given for the use of both oxalic and
hydrochloric acids was that if only hydrochloric acid were used it
would be impossible to control the reaction. The reaction mixture is
then cooled to 75° C. by the addition of 200 litres of water. The mixture
is allowed to settle for 30 minutes and the resinous layer is then forced
by compressed air into the evaporator. 'The control on this part of the
process is visual, the operator watching for water in the evaporator.

The evaporator is fitted with a stirrer, but has no condenser. In
place of a condenser there is a copper tube open to atmosphere. Near
the bottom of the tube there is an air injector. The evaporator is run
with the manhole cover off and the air injector causes a through draught
which removes water, formaldehyde, and free phenol. These are dis-
charged to atmosphere. Evaporation is continued for 2 to 3 hours until
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the resin temperature reaches 115°C. The resin may be heated for a
further 5-10 minutes under vacuum if required. The resin is discharged
through a heated plug valve into trays, where it is cooled. The yield
of novolak (containing about 3 per cent water) is 110 per cent calculated
on the phenol.

'There is no control other than accuracy of measuring on the charge
to the still, and only time controls on the condensation. 'The final resin
is controlled by viscosity, which is done in alcoholic solution in a
Héppler viscometer. This viscometer is of the falling sphere type, the
sphere being made of nickel or glass. 'T'he instrument is water-jacketed
and can be tilted as required. For novolaks a solution of 50 gm. resin
in 50 gm. alcohol is used.

Other novolaks are made in which the acid is neutralised by NaOH
when the temperature reaches 100°C. during evaporation. The stated
reason for this was to prevent staining of moulds during moulding.

Resoles—Resoles are made in a copper still, fitted with reflux con-
denser, distillation condenser, and stirrer. These stills are heated by
hot water. Copper stills are preferred to iron, because the iron surface
is rough and when the resin becomes thick, heat transfer is poor. This
tends to promote local overheating. Copper stills have to be cleaned
by round-headed hammers every ten batches. The process carried out
in iron stills take one hour longer after the second batch and 2} hours
longer after the fourth. The charge is:

1,500 kg. cresol
1,350 kg. formalin
75 kg. ammonia (25 per cent, specific gravity 0-go)

Yield 115 per cent calculated on cresol (water content 3 per cent).

The cresol is adjusted, if necessary, to have a m-cresol content of
38 per cent. The charge is brought to the boil in 45 minutes and is
refluxed for 50 minutes. It may also be digested at 85°C. for 105
minutes. At the end of the condensation period a vacuum of 50-60 mm.
Hg. is applied and the resin is evaporated. The initial temperature is
45°C., and it is raised to a final temperature of 75°—78°C. under a
pressure of 30 mm. Hg. The heating is done by circulating water as
90°-100°C. in the jacket.

The period of distillation is controlled by viscosity, the first test being
made when the resin becomes so stiff that the stirrer is stopped. The
viscosity is done in acetone (50 gm. resin: 50 gm. acetone) by the
Ostwald method.

When the desired viscosity has been reached the resin is discharged
by air pressure through a heated plug valve around which is fixed a

9
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loosely woven fabric bag filter. The resin is collected in trays 38 by 76
by 7-5 cm. holding 25 kg. These are immediately plunged into a tank
of cold water.

Tests on Ammonia-Free Resins in Moulding Materials.

Ammonia. 'The test for freedom from ammonia was done as follows:

A test tube was filled to the extent of 6-8 mm. with moulded pieces
and 10 drops distilled water were added. In the test tube was placed
a glass tube with two layers of absorbent packing between which was
a layer of red litmus paper; the whole was held in position by adhesive
tape. The test tube with the moulded pieces was heated in boiling water
for 20 minutes. At the end of this time there should be no change in
the colour of the litmus.

Free phenol—Free phenol was also estimated at T'roisdorf, though this
estimation was not required by Government specification. T'wo methods
were used:

(1) On ground mouldings.

The maximum amount of phenol permitted was 200 mgr. in 100 gm.
of ground material.

The ground mouldings were covered with distilled water and main-
tained at 80°C. for 1 hour. Phenol was estimated as tribromo-phenol
or colorimetrically by Millons Reagent.

(2) On whole mouldings.

Permitted limits, 1 : 10,000.

The moulding was covered with distilled water and extracted at
80°C. for 1 hour. 12 c.c. of the extract was mixed in a test tube with
2 drops concentrated HNO3 (58 per cent) and 5 drops Millons Reagent.
The test tube was allowed to remain for 1 hour at 80°C. in a thermostat,
was then cooled and the red colour was compared with a standard.
The red colour must not be deeper than that given by a standard of
1 phenol in 10,000. The standard contained o'1 gm. phenol in 1 litre
of distilled water.

Chemistry of the Phenolic Resins. Apart from relatively few
known facts about the behaviour of phenols and formaldehydes,
the chemistry of the reaction is still obscure, confused, and contro-
versial. This is largely due to the alternative procedures which are
available to make the resins and the many other variable factors con-
cerned. It is interesting to consider the facts.

It is known that phenols, cresols, xylenols, etc., form resins with
formaldehyde.

It is found that resins which set readily to the infusible, insoluble
condition, are only formed from those phenols where the ortho and
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para positions are open and free, for example, in phenol, meta-cresol,
and 3 : 5-xylenol.

It is found that symmetrical 3 : 5—xylenol with its three reactive
positions, reacts to form a setting resin more rapidly than meta-cresol,
which is in turn faster than phenol.

TaBLE 33

PueNors FrRoM TAR Acips oN PropuctioN Basis
OF 65,000 ToONS PER ANNUM

Potential

Product Per cent  Production
Tons

Phenol . . . . . . . . 20 13,000
Ortho-cresol . . ) . . . . 13 8,500
Meta-cresol . . . . . . . 165 10,500
Para-cresol . . . . . . . 11 7,000
2'4 Dimethylphenol . . ) . . 6 4,000
2-5 Dimethylphenol . . . . . 3 2,000
Para-ethylphenol . . . . . 2 1,300
3+5 Dimethylphenol . . . . . 4 2,500
3'4 Dimethylphenol . . 2 1,300

Apart from these, the other phenols also form resins. These, how-
ever, are generally permanently fusible. In a few cases they can be
persuaded to set, but with great difficulty, and very slowly. This
occurs, for example, in the case of ortho-cresol. These fusible resins
have their fields of application, notably in the coating industries, by
virtue of the fact that many of them are soluble in oils, and compatible
with them. Since the rapidity of setting is an outstanding requirement
for commercial resin, they are undesirable for moulding resins, and
are not used. Commercial thermosetting resins are therefore almost
exclusively based on phenol and meta-cresol.

Theoretical Implications. In explanation of the importance of
the ortho and para positions it is thought that in resin formation the
phenol groups join up together through formaldehyde linkages which
in the first place are formed at the ortho position. In this way a linear
macromolecule is formed. It is generally accepted that linear molecules
are fusible and soluble. The formation of cross linkages between such
linear molecules which results in the formation of a three-dimensional
macromolecule, can then occur at the reactive para position, which is
still vacant. When this takes place the resin becomes insoluble and
infusible, i.e. it sets.
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It is known that phenol first of all reacts with formaldehyde to yield
saligenin. Apparently formaldehyde will only act with phenol in the
ortho and para positions. The ortho position is the more reactive.

OH OH
!
0) o=
4 CHO0 ——~ { |77 CH,O0H
NS NS
Saligenin
OH OH OH OH
|
/
( |~ CH,OH ;\ —>[ 7T CH, T \| F 11,0
AV / N /

Fig. 33. Formation of Saligenin and Resol or A Resin

The next stage is

OH OH
— N
I~ CH,0H | |~ CH,0H
/ NS
OH OH
AN
[ ]~ CcH, k |~ CH,OH - 11,0
NS /
which with more saligenin goes to resitol.
OH
N
-+ |7 CH,OH OH OH OH

| | |
—_— <>“— CH, "( ) CH, -~ <> CH,OH
Fig. 34. Formation of Resitol or B Resin

Saligenin is the product formed in the ortho position. There is evidence
that suggests that saligenin molecules thereafter combine with each
other or with phenol to give high molecular weight products.
Saligenin forms' chains soluble in acetone and alcohol. Open chain
formula would account for this and the thermoplasticity. It goes to
resitol under heat, thought to be due to the formation of straight chains
where phenolic nucle are joined by methylene bridges. When further
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heat is applied a three-dimensional network is rapidly formed which
would account for the infusible condition and the insoluble character
of the final resin.
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\ % | AN |
. // N __[ '_ __/ \_ _l l__ ) _____// \___ —
[ TcH, . —CcH,[ TTCH, T/ TCH,T|  |TCH,
R l NS I NS
oH | OH |
c CH, CH,
| OH |
/ I /’\
Ao N _I _
“_—cH,~[ )CH, —CH, ™ \ CH,™
N
OH | ol OH
CII, CH,
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Fig. 35. Formation of Resit or C Resin

Further light is thrown on the composition of these materials by
working with cresols where one active position is blocked. Para-cresol
and ortho-cresol give condensation products which can be made
infusible and insoluble only with great difficulty. This is attributed to
the fact that the conditions will allow the formation of straight
chain compounds or even branched chains which will provide a certain
degree of steric hindrance with a corresponding degree of insolubility
or infusibility. Yet the conditions are not such as lead to cross linking
and the formation of a three-dimensional structure. Meta-cresol by
contrast, gives such products quite readily.

Novolaks. The one-stage resin is usually easily heat-setting, while
the two-stage resin is ordinarily novolak, which sets only with difficuity.

Prr CeENT OF Acip CATALYSTS USED IN NoOvVOLAK ProbucTION®
(Based on the weight of the phenolic component)

Hydrochloricacid . . . o1503%
Sulphuricacid . . . . o15-03%
Oxalic acid . . . . 1o -15%
Phosphoric acid . . . . 1o -15%

Koebner® has shown that the molecular weights of novolaks reach
about 1200 before they begin to become insoluble. He has shown that
the molecular weight varies according to the amount of phenol and
formaldehyde in the original mixture.
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TaBLE 34
KOEBNER'S EXPERIMENTS WORKING WITH 940 GM. OF PHENOL

In Exp. ‘Gm.mol. For- Yield of

No. " maldehyde Resin Viscosity Mean mol. weight
1 1 180 25 229 Dioxydiphenyl-
‘ methane
2 2 335 27 ©2560
3 3 470 30 . 291
4 4 590 33 L334
5 5 710 37 371 Novolaks
6 6 810 50 437
7 7 870 65 = 038
8 8 953 148 © 850
9 9 1,050 276 1,000
10 12 ? ? ? Resit

For example, a product of average molecular weight, 638 was formed
in a mixture containing o-7 mol equivalents of formaldehyde. In con-
trast to this, the resols, when alkaline catalysts are used, begin to become
insoluble with a molecular weight of only 300 or 400; i.e. there is a much
shorter chain length.

In this connection Koebner has put forward a simple theory which
has many attractions and explains many of the observed phenomena.
He maintains strongly that there is no fundamental chemical difference
between resits and novolaks.

He carried out an interesting series of experiments with varying
proportions of formaldehyde, keeping other conditions constant. He
employed concentrated hydrochloric acid as catalyst. With low pro-
portion of formaldehyde crystalline mixtures of dihydroxy dimethyl
methane were obtained.

Up to nine molecular equivalents of formaldehyde to ten equivalents
of phenol yielded fusible resins which he regarded as novolaks, but
with twelve molecular equivalents of formaldehyde the resin obtained
is infusible and insoluble; in other words, a resit. The demarcation
stage is fairly well defined. He carried out experiments on the physical
characteristics of the resins obtained, found their viscosities and the
mean molecular weights. Both these properties showed a steady increase
in values as the proportion of formaldehyde present increased. In the
case of nine molecular equivalents of formaldehyde the molecular
weight was 1,000. In this instance Koebner suggested that there were
chains present composed of at least ten phenol nuclei on the following
lines:
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OH OH OH OH
|
R N N Ny — N
| JCH, | [ CH, | ] CHy | |
NS _ NS
Fig. 36

The standard commercial novolak is based on one mol phenol and
o-8 mol formaldehyde, which gives a linear polymer similar to the

above but with only seven phenolic nuclei.?

The final hardening of a novolak takes place by the same type of
reaction as that which takes place in the formation of resit. The
development of cross-linkage between molecules under the influence
of heat causes the formation of three-dimensional molecules. One part
of such a molecule might be:

(0181 (0281
N N
(T e,
\I/ \I/
C]l C
——| LI{ \ CH,—
\/
OH ()l
Fig. 37.

According to Koebner if the molecular weight of the novolak is 700
at the start, then the product of the first cross-linkage reaction is over
1,400, the next over 2,900. It can readily be seen that comparatively
few reactions may result in a very large increase in average molecular
weight, accompanied by a corresponding decrease in solubility and
thermoplasticity.

In the case of the resols the total required amount of formaldehyde
is present throughout the entire process. Polyalcohols are formed in
the preliminary stages. These favour the occurrence of cross-linkages
at an earlier stage than in the novolak process. Thus it is difficult to
isolate soluble and fusible materials of molecular weight higher than
three or four hundred. A typical resol would be:

OH OH O|H OH
]

s

/H__ __/k_‘ NN
| CH, K —CcH,|  |TcH, k T CH,0
NS /S NS /
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Weith?* has stressed one point of great importance, which apparently
has not been fully appreciated. It has served as a useful basis for
predicting the course of the reaction and the nature of the products
formed under varying conditions. Inthe two type reactions represented
by the equations:

OH OH OH
AN H_ ..... N
HOH,C| [ CH, | CH, [ TCH,0OH
NS N N
OH OH Oll
/K_ _/J\ ..... __/S

| | CH, [ CH, |
NS / NS
Fig. 38

alkaline catalysts promote the first reaction but are very noticeably less
effective in causing the second reaction to take place.

Acids on the other hand, have a very strong accelerating effect on
the latter reaction. They probably speed the former also, although
with an acid catalyst the rate of the first reaction is never appreciably
faster than the second. The difference in the relative effectiveness of
the two types of catalysts provides the key to an understanding of the
apparently basic difference between the one-step and two-step pro-
cesses. The two types of reaction illustrated above are essential to each
process, but the real difference is in the relative speed with which the
two types of reaction takes place.

In the one-step process, the formation of the poly-alcohols takes
place very rapidly, while the further reaction of these alcohols with
phenol or more oxybenzyl alcohol is slow. Thus a large amount of
formaldehyde may be reacted in while the molecular weight remains
comparatively low. Therefore a resol containing a larger number of
reactive — CH,OH groups is formed.

In the two-step process the combination of phenol alcohol with
phenol, or with compounds of the dihydroxy diphenyl methane type,
or with more poly-alcohol, takes place very rapidly, while the formation
of the poly-alcohol is less rapid. As a result the formation of the poly-
alcohols is reduced to a minimum and the tendency is towards the
formation of longer more linear moleculars.

A third factor which Weith has stressed is the effect of heat, The
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relative effect of heat on the two reactions is not known, but it certainly
serves to speed up each type to a marked degree. In the hardening of
a novolak with hexamethylenetetramine, the catalytic effect of the
ammonia is probably chiefly to cause combination of the formaldehyde
in a form analogous to the —CH,OH group, while the actual linkage
of the molecules is brought about chiefly through the effect of the high
temperature used in the final hardening process. Similarly, the harden-
ing of a resol apparently is due less to the catalytic effect of alkali than
to the effect of heat.

In connection with the action of ammonia as a catalyst, Redfarn?
considered that the ammonia is bound in some manner as in the
following scheme:

OH OH OH

X )

_IN N VAN
—NH-CH,™| [ CH,pNH-CH, | [TCH,NH-CH,™] |
NS NS NS

He considered that in one-stage resins the amino groups would
probably be fairly evenly distributed between the chains, whereas in
two-stage resins they would probably be mainly on the bridges.

The Action of Catalysts. The action of alkaline catalysts has been
given close examination.

The quantities of ammonia recommended vary from 1 to 10 per
cent of the total weight of the total reactants, and from 1 to 5 per cent
in the case of aniline as a catalyst. Dry ammonia gas has been used at
times, and at other times ammonia or ammonium carbonate has been
employed as condensing agent for a preliminary condensation, followed
by further reaction with acid as the catalyst to complete the process at
a higher temperature after viscosity has set in.

A number of materials are known which may retard the reaction.
Thus toluidines, xylidines, benzidine, or diphenylamine are claimed to
retard the hardening of resin derived from phenol and hexamine, in
effect acting as a negative catalyst.

The order of activity is evidently a matter of some importance owing
to the importance of the factors of time and cost of maintaining materials
under specified conditions. Holmes and Megson® have studied this
question not only in the case of ammonia and amines, but also included
the inorganic alkalis for comparison. Meta-cresol was used in place
of phenol, and the reaction was carried out in the presence of o-75 gm.
of each base with half this quantity in the case of a diamine with
two reactive radicals. Tar fractions boiling at 180-190°C. were also
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condensed with formalin and the order of reactivity noted. T'he reaction
times in minutes were:

TABLE 35
Ammonia . . . . 34 Dicthylamine . . .53
n-Propylamine . . . 101 Trimethylamine . .36
Ethylene diamine . . .22 Caustic soda . . .27
Dibenzylamine . . . 270 Ethylamine . . .49
Pyridine . . . . 250 Benzylamine . . . 300}
Caustic potash . . .29 Dimethylamine . . 16
Methylamine . . . 26 Di-n-propylamine . . 833
Isopropylamine . . . 100 Lithium hydroxide . . 243
Hexamine . . . .32

TABLE 36

NORMALITY OF ACID REQUIRED TO GIVE A ResiNtricaTion Time
OF 50 MINUTEs®

Hydrochloric acid . . . 00019 Normal
Nitric acid . . . . 0'0019 .
Sulphuric acid . . . . 00019 "
Trichloracetic acid . . . 00031 .
Oxalic acid . . ) . 00054 (?) .,
Phosphoric . . . . 00054 .
Dichloracetic . . . . 0015 .
Monochloracetic acid . . 0097 .
Formic . . . . 029 .
Lactic . . . . 037 N
Acetic . . . . . 024 ’

Phenol-furfural Plastics. A very interesting group of moulding
resins is obtained from phenol and furfural. These are much more
specialised than the phenol-formaldehyde resins probably owing to the
fact that furfural is prepared by comparatively few concerns. The
preparation of the resins follows closely along the lines described for
phenol-formaldehyde resins. The furfural merely takes the place of
formaldehyde. Different condensing agents yield a variety of resins.

A dark brown resin, fusible and soluble, was prepared by Kurath!!
by using sodium hydroxide. One hundred and eighty-four parts furfural
were added to 188 parts phenol and 10 parts 10 per cent sodium hydrox-
ide, and the mixture heated so as to give a constant distillation rate
when the maximum temperature in the reaction vessel was 184°C. To
obtain a thermosetting material, the initial soluble resin was mixed with
hexamethylenetetramine.

The resins obtained are invariably dark in colour, and consequently
products -based on these resins are nearly always brown or black.



PHENOLIC RESINS 139

Moulding powders are found to be rather slower setting than the
phenol-formaldehyde powders, which is of course a disadvantage. They
do not flow anything like so well as phenolic resins. They were the
first resins to be used for transfer moulding. The mouldings have a
number of attractive properties. Peters!? has described some of the
desirable properties. The mouldings show very little shrinkage and
give excellent reproduction. "They are able to withstand high tempera-
tures, for example, a continuous temperature of 230°C. 'They have
good resistance to tracking, and are, in fact, widely used for electrical
parts which may become heated, e.g. distributor caps and other parts
of ignition systems,

"Their importance has been stressed for cold moulding applications,
notably for making moulded abrasive wheels. They can be used for un-
confined mouldings and have found application for printing plates, etc.

"The resins have other applications as adhesives, impregnating agents,
and so on.
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CHAPTER V

APPLICATIONS BASED ON STRAIGHT
PHENOL-FORMALDEHYDE RESINS

WHILE the largest quantities of phenolic resins are employed for making
moulding powders, yet considerable amounts are used for a variety of
applications without further processing. Such uses as varnishes,
cements, impregnating media, lamination, involve the preparation of
solutions by the straightforward addition of alcohol or acetone to the
resins. Modification of the resins, e.g. production of oil-soluble types,
etc., is left for a later stage in the discussion.

Heat-hardenable Varnish. Phenolic resins are used for varnishes,
enamels, lacquers and cements of the heat-reactive type, i.e. which may
be set by heating. One-stage resins are usually employed, in which
the reaction has only been carried part of the way, so that a solid
resin has not yet formed. This syrup is normally taken up with indus-
trial spirit although other solvents may be used. Solid resins in the
resol or A condition may be used. In their primary state resins, which
are employed to produce these products, will dissolve in common
solvents, such as alcohol and acetone. Application of heat causes them
to harden and solidify after which they are permanently insoluble and
infusible. The industrial importance of these products may be attri-
buted to this chemical change.

These solutions of phenolic resins are general-purpose materials used
for impregnation, adhesion, and coating. Natural gum varnishes attain
their final protective properties by drying and oxidation in the air. By
contrast, phenolic resin varnishes attain their best properties by being
baked at elevated temperatures after they have been applied. The
protective properties of the coatings are far superior in many respects
to varnishes made with natural gums.

After the phenolic varnish has been applied the article is baked first
to expel the solvent and then to convert the synthetic resin coating to its
final infusible, resistant and durable state.

Properties. Phenolic varnish provides a hard, continuous uniform
coating for metal. When applied to wood or porous ceramic material
it can serve as impregnation or surface coating, depending upon the
properties desired in the finished work. The resin film is a good
electric insulator. From a mechanical standpoint, it provides a tenacious
and durable bond. It is non-hygroscopic, and is unaffected by extremes

140
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of climate—temperature or humidity. It does not deteriorate, and is
unaffected by water, alcohol, acetone, benzene, and other common
solvents, oils, greases, organic acids, dilute mineral acids, and most of
the soap lubricants. Once converted to the final durable state it does
not melt at any temperature, and will not char at temperatures below
150°C. The heat resistance is higher than that of any other type of
organic varnishes. Special phenolic varnishes have been developed
which will withstand even higher temperatures.

Phenolic resin varnish is extensively used in the electrical industry
as an insulating bond for coils, armatures and windings. It is used for
such purposes because of its high mechanical bonding strength, di-
electric value, and resistance to oil, grease, water, dirt, and petrol.

Applied to paper or cloth-winding strips, it provides a convenient
taping material for the insulation of bus bars, and conduits.

Phenolic resin varnish is also used in the manufacture and repair of
motor and generator armatures. By virtue of the excellent ranges of
properties it serves to increase the durability of armatures. Armatures
so treated have good temperature resistance, and do not burn out under
temporary over-load. The varnish impregnation imparts high mechani-
cal strength to the fabricated unit.

Phenolic varnish is also used as an armature impregnation for small
power tools and for heavy electrical industrial equipment.

Protective Coatings. Phenolic varnish has many applications as
a protective coating for metal, wood, ceramic materials, and many other
substances. A few outstanding fields of application which very effec-
tively illustrate this properly include:

(@) On chemical processing equipment exposed to corrosive
atmosphere.

(b) On gas meters to resist attack of hydrogen sulphide.

(¢) On interiors of tank cars.

(d) On industrial equipment to resist weak acids and alkalis;
corrosive fumes, alcohol, petrol, and many other solvents.

Special baking varnishes have been developed for the protection of
parts and equipment employed in textile manufacture. These coatings
are especially valuable for aluminium spools exposed to alkaline solu-
tions, iron and steel parts, exposed to acid conditions, dryers, etc., and
in general wherever resistance to chemicals is required. Paper wound
tubes for textile yarns when impregnated with phenolic varnish are
found to withstand the action of water, dyes, and bleaches.

General Utility. By far the largest field for heat-hardenable
varnishes is for impregnating sheets of paper or fabric to produce
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laminated materiais (v.1.). These impregnated sheets are superimposed
up to desired thicknesses and then subjected to heat and pressure to
form a solid, homogeneous stock. 'T'he material is commercially
available in sheets, tubes and rods and special forms.

Phenolic varnish is extensively employed for numerous industrial
applications. 'l'o indicate its versatility, a few examples may be cited
as follows:

(a) Impregnation of coil windings.

() Bonding agents for abrasive wheels.

(¢) To impregnate asbestos commutator rings.

(d) To impregnate asbestos composition clutch rings used in car
manufacture.

(¢) As an impregnation material for corks, friction blocks, or
pulleys.

(f) As surface coating for plaster of Paris castings.

(g) As a binder for core sand in the foundry field. When mixed
with sand and other fillers it may be used to patch large cores.

(h) To impregnate motor-brake linings.

(?) As a bonding agent for wood veneers and plywoods.

(j) To cover woven wire screen filters.

(k) To coat metal developing racks to resist the corrosive effect of
photographic solutions.

Methods of Application. Phenolic varnish is applied by spraying,
brushing, or dipping. Selection of method will depend on several factors
such as size of piece to be treated, scale of operation, design of piece,
and thickness of coating or extent of impregnation desired.

Dipping Process. The treatment of small items may be carried
out on a large scale by means of a dipping process. Continuous pro-
duction units are designed so that the parts are conveyed through a
tank containing the phenolic varnish, then through a dryer to dispel
solvents, and finally to an oven where the ultimate baking is achieved.
Hand-dipping is widely practised, while there are many simple mechani-
cal devices to raise and lower objects of large weight into the dipping
tank.

Surfaces to which varnish is to be applied should be dry, and free
from grease, rust, or scale. Sand-blasting or washing with grease
remover is recommended.

When more than one coat is necessary, then after applying each
successive coat, the work should be baked just sufficiently to dispel the
solvents. For small work, the initial baking may require about 15
minutes at a temperature of 80°C. The final coat should be given a
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longer baking at higher temperatures. Conditions for this final baking
will depend upon the size and nature of the work. Satisfactory results
are not usually obtained below 110°C. Small articles require baking
for three hours at 120°C., or 150°C. for one hour.

Coil Impregnation. The impregnation of electrical coils is a major
field of application. Three methods are widely used for coil impreg-
nation, namely, dipping, double dipping, and vacuum impregnation.
Coil impregnation practice differs somewhat from the methods used
to coat non-electrical equipment. In coil impregnation the main
purpose is to secure an insulating effect by penetration of the varnish.
'The varnish usually contributes to the mechanical strength of the
finished unit, in addition to improving the insulating and corrosion-
resisting properties.

When winding coils for phenolic impregnation, it is essential to omit
insulating materials containing oils, paraffins, or other non-absorbent
substances. To secure best results, the coil should be wound with
untreated tape or paper.

After impregnation, and prior to the baking operation, coils retain
their flexibility for some time, so that wire can be bent and otherwise
manipulated without injury to the insulation.

Special types of phenolic varnish have been developed to impregnate
enamelled wire coils and armatures. This varnish will not attack
enamelled wire which has been properly baked. It possesses good
electrical properties, good bonding strength, heat resistance and solvent
resistance. ‘

A Typical Dipping Processfor Coil Impregnation. The dipping
process of coil impregnation involves the following steps:

1. Moisture is driven from the coils by baking at 105°C. for at
least 3 hours or longer, depending upon the size of the coils.

2. While the coils are still hot, they are immersed in varnish, for
15 to 30 minutes, or until bubbling ceases, at which time they
should be removed. The specific gravity of the varnish solution
employed in this operation is determined by the particular type
of phenolic varnish used and the nature of the work.

3. Coils are withdrawn slowly so as to ensure a smooth, uniform
coat. They are drained for one hour, and baked in an oven at
a temperature of 75°C. The time of baking will normally be
about 6 hours.

4. The temperature is raised to 120°C. and baked from 12 to 24
hours. Time of baking will be governed by the size and
construction of coils.
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Reclaiming Porous Castings. An excellent illustration of the
service which plastics materials can render to industries with which
they are often thought to compete, is the use of phenolic resins for
reclaiming porous castings. The new technique is a profound contribu-
tion to the metal industries.

Metal castings are often porous, although the defect is frequently
quite slight. Nevertheless, the porosity may be sufficient to cause
rejection of the casting. Phenolic resins provide an efficient and simple
remedy. Two types of solutions are employed: (a) a clear solution for
cases where only fine pores exist, and () a solution containing mineral
filler when the porosity is more marked. Such solutions may be
used for ferrous and non-ferrous metals, and have proved highly
effective.

Two methods of application are employed!!: for a small casting, the
resin solution is forced into the casting by external pressure. IFor large
hollow castings the resin solution inside is subjected to pressure so
that it is forced through the walls from the interior.

Small castings can be treated by vacuum pressure methods. In this
case the castings are placed in a strong container from which air can
be evacuated. A suitable vacuum is developed and the sealing solution
allowed to enter from a storage vessel until the castings are covered.
Pressure is maintained for a suitable time, so that the resin is squeezed
into the walls of the casting, thus filling the pores. The castings are
removed from the vacuum pressure chamber, wiped and baked.

In the case of large hollow castings, one with several outlets may be
considered. All the outlets except one are closed. The casting is filled
with the phenolic solution through the remaining hole, and pressure
may be applied there. It is found that air pressure from 50 to 150 Ib.
per sq. inch is adequate and forces the solution into the pores of the
metal. The process is carried through until sweating is evident on the
outside surface of the casting.

Another feature is the fact that the casting may be either in the raw
state or machined. Inany event, machining can subsequently be carried
out. These processes are carried out at ordinary temperature. Some
of the resin solution remains in the walls of the casting filling up any
pores. This resin is set by baking. The phenolic resin is thereby
converted from the soluble fusible state into the insoluble infusible
material. Moreover, it is highly resistant to nearly every form of attack.
The first stage of the baking removes any solvent, while further heating
leaves the pores of the casting filled with the chemically inert resin.

The procedure may be summarised as follows:

1. After pressure has been exerted for some time, the casting is
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drained and lightly wiped with alcohol. It is essential to remove the
adhering material, because it may be difficult to remove after baking.

2. 'The casting is placed in a suitable oven, and is slowly brought up
to a temperature of 85°C., taking about an hour.

3. When the solvent has been removed in this way, the temperature
is taken to 110°C. for an hour, and finally given another hour at 135°C.

'This method of salvaging castings has proved of profound value
under war conditions. Innumerable porous castings have been put into
service instead of being scrapped.

Heat-hardening and Self-hardening Cements Based on
Phenol-Formaldehyde. Phenolic cements are closely related to
phenolic varnishes, but are much more viscous. In addition to the resin
and solvents a solid reinforcing filler is usually present. A general utility
cement or plastic composition can easily be prepared by mixing finely
ground asbestos into a solution of resin.

Another useful cement can be made by mixing red lead into a
solution of phenolic resin. This material will withstand conditions of
high pressure, steam, oil, etc. It tends to harden very rapidly, and
should be prepared shortly before use.

Phenolic cements are available as (@) granular powders, (b) viscous
liquids. The first type is made ready for use by the addition of solvents.
The second may, if desired, be diluted with a thinner such as industrial
spirit.

Cements for General Application. Phenolic resin cements dre
applied to a wide variety of organic and inorganic materials, such as
wood, paper, fibre, rubber, porcelain, glass, concrete, metal, etc. They
provide a strong and durable bond when fully baked. It is essential
to bake in order to bring out the best properties of strength and resis-
tance. After this treatment the product has become hard, non-hygro-
scopic, electrical insulating, and resistant to ordinary chemical reagents,
such as alcohol, acetone, petrol, and dilute acids. Once the cement
has been fully set, it no longer melts at any temperature, although it
will char above 190°C.

These cements are widely used in the electrical industry for the
manufacture of numerous articles, including commutators, transformers,
and so on. They also feature in the preparation of scientific instruments
for bonding metal, glass, porcelain, etc.

Surfaces to be cemented have to be thoroughly clean, so that sand-
blasting is generally used to remove grease, rust, or scale. The cement
is then applied. The parts are joined and after pressing firmly together
are clamped into position. Small articles are heated at 80°C. for a
time—between 1 and 4 hours. They are then baked for 2 hours at

10
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120°C. Where a large amount of cement is employed the temperature
should be lower, and the time of baking extended. The temperature
of 80°C. should not be exceeded and the cement is hardened in some
hours, finally being baked at a higher temperature. The use of higher
temperature during preliminary baking may lead to porosity which
weakens the joint. The heating is carried out in ordinary gas or steam
ovens at atmospheric pressure.

The Applications of Phenol-Formaldehyde Resin Cements
for Electric Lamp Bases. The strong mechanical bond obtained with
phenolic resins is unaffected by temperatures developed in electric
lamps. As a result these cements virtually monopolise the field for
attaching electric-light bulbs to their bases. They are also employed
in the production of valves of every description. 'T'he resin employed
for fixing lamps is usually in dry powder form which contains all the
necessary ingredients. They may contain filling materials. For example,
one such cement contained:

Phenolic resin . . . 30 per cent
Silica . . . 70 per cent

It is made into paste by mixing thoroughly one ounce of industrial
alcohol to a pound of cement. Inadequate mixing impairs the adhesive
properties, and any efficient paste-mixing machine may be employed.
The paste is allowed to stand overnight before being applied.

Lamp-bases are filled in a standard base-filling machine, so that the
paste forms a uniform narrow cylindrical ribbon inside the base, and
near its upper edge. The filled bases stand for a time, so that some of
the solvent evaporates.

Thereafter normal practice employs circular rotating machines heated
by gas burners. The burners are adjusted so that when the finished
lamp is in the machine the cement is set to the final infusible state.

Phenolic Cements for Brushes. Another outstanding industrial
application of phenolic resins as a cement is in the manufacture of
brushes. A phenolic resin is admirably suited for setting bristles in
brushes. It is superior to other bonding materials such as rubber,
because it is unaffected by benzene, oils, water, paint thinners, etc.
As a consequence, phenolic cements are used in the manufacture of
every type of brush, ranging from the smallest paint-brush to large
power-driven rotary scrubbing brushes.

The cement is thinned to the proper consistency for penetrating the
different types of bristle assemblies. These are arranged in the ferrule,
and the cement is poured in at the top. It is allowed to stand until
the cement has penetrated to the bottom of the ferrule. The resin
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cement must be completely set by baking because the bristle setting
has to resist alcohol, benzene, oil, turpentine, water, etc. The brushes
are then placed in racks with ferrule end downwards. The racks are
brought on to a hot plate at 80°C. for about an hour. Thereafter
the brushes are baked in an oven for 2 hours at 140°C. It is necessary
to determine the right viscosity of cement and the best temperatures
by experiment on the particular type of brush being made. These
important factors will depend upon the nature and size of bristles and
the type of ferrules being used. If the temperatures have to be lowered,
then evidently the time of baking must be increased.

Synthetic Resin Adhesives. Glues and cements based on syn-
thetic resins have profoundly influenced the whole field of adhesion.

In recent years adhesives based on phenolic resins in particular have
acquired a new significance. This chiefly applies to the wood industries
and associated activities. The resins have greatly aided production of
plywood. They have expanded output and improved products. They
have facilitated commercial production of curved shaped wood in an
ever-growing range of contours. Completely new horizons have
appeared. Synthetic resin adhesives have become a major industry.

They have been the cause of an entirely new perspective on the
theory and practice of adhesion. Early ideas attributed the action of
cements to the purely mechanical action of interlocking between the
glue and the surface to be joined. De Bruyne® in particular has carried
the subject forward so far as synthetic adhesives are concerned. It is
now recognised that mechanical action does make a minor contribution
to the strength of the joint. But the main action is due to physical-
mechanical cohesive forces between the cement and the joint surfaces.
Realisation of this principle has enabled the evolution of very satis-
factory adhesives giving bond strength which was previously unattain-
able. Synthetic resins in particular play a leading part.

Traditional glues were based on animal or vegetable products, such
as casein, bone glue, fish glue, starches, blood, etc. While effective in
many respects, they all have outstanding disadvantages of one sort or
another. In particular they are all sensitive to climatic changes.
Moisture tends to ruin the adhesion. These materials are also subject to
decomposition by fungi and bacteria which likewise destroy the joints.

In many fields of application plastic cements are displacing the older
materials. The number of materials available grows rapidly. Their
advantages may be summarised as:

(a) Resistance to water.
(b) High joint strength.
(c) Rapid setting which gives high production.
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(d) Resistance to bacteria, fungi, insects, etc.
(e) Close control.

Phenolic cements based on phenol-formaldehyde resin are widely
used in the manufacture of plywood and improved wood. This is an
activity which is expanding at a most extraordinary rate. 'The cements
give bonds which are stronger than the wood itself and, moreover, which
are completely resistant to moisture. In many cases they will withstand
the prolonged action of boiling water.

Phenolic cements are available either as liquid glues or as dry so-
called glue films. 'These are tissue paper impregnated with phenol-
formaldehyde resin (v..). The liquid glues generally take the form of
an alcoholic solution of the phenol-formaldehyde resin. In many ways
they resemble the impregnating solutions used for making laminated
paper, fabric, etc. Such solutions may be applied without difficulty
either by brush or by roller, or by dipping. Since the setting action
implies the use of heat, these solutions are quite stable at ordinary
temperatures, and can be kept almost indefinitely.

The phenolic adhesive may be applied to the wood surfaces, and
these may be dried and allowed to stand for weeks before carrying
through the actual pressing procedure. The phenolic resin adhesives
are available commercially in three forms:

(a) for hot setting conditions without any further addition,
(b) for hot setting conditions with the addition of a hardener,
(¢) for cold setting conditions with the addition of a hardener.

A number of concerns market such materials. In most cases the
principle employed is the same.
‘There are two separate ingredients:

(@) The resin solution.
(b) The hardener (also referred to as the accelerator, setting agent,
or catalyst).

‘The resin solution is useless without the hardener. However, once
the hardener has been mixed into the resin then the useful life of the
material is limited. This means to say that the setting action has
begun, the mixture begins to thicken up, and after a time, which
depends on the temperature, it can no longer be applied, and is therefore
no longer useful for its designed purpose.

A typical procedure involves the addition of 10 parts of hardener
to go parts of resin solution. These are vigorously mixed together so
that there is thorough admixture. When this has been done it is found
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that the useful life of the mixture is 2 hours at 60°C., 1 hour at 70°C.,
§ hour at 80°C.

As a rule such adhesives can be applied by brush to the surfaces
being treated, requiring something of the order of 3} to 4 1b. per 100
sq. ft. They can be thinned with industrial spirit.

In actual practice wood that has been coated with adhesive is not
used immediately; it is allowed to stand for at least half an hour before
being pressed. It may be allowed to stand at room temperature for
hours without being affected. 'This is obviously a great advantage for
it increases flexibility of production.

The conditions employed for preparing the plywood or, whatever
is being made, generally involves a mechanical pressure of the order
of 150 Ib. per sq. in., and temperatures of 120°C. to 150°C.

The time required to make plywood will naturally vary with the
thickness. A typical example, however, is the case of % -in. plywood
which requires 8 minutes at 150°C., 10 minutes at 140°C., 15 minutes
at 130°C., and 30 minutes at 120°C. These are extremely rapid by com-
parison with the lengthy periods required for cold-setting natural glues.

Cold-setting Phenolic Cements. Recently adhesives based on
phenolic resins have been prepared which may be set in the cold without
the application of heat. In this instance a resin syrup is prepared which
is quite free from any solvent. It is absolutely essential in this instance
to add a hardener to promote the setting action. In one such type? of
cement the hardener is a strong acid and is added to the extent of
between 13 and 16 per cent on the weight of the resin. The mixing
is carried out with great care to ensure uniformity. Heat is generated
during this procedure. Once mixed the material has a life at room
temperature of about 2 hours, after which time it has become too thick
to be applied.

The material can be applied by brushing, dipping, or roller spreading,
and spreads at the rate of about 3} lb. per 100 sq. ft. In this instance
the surfaces are brought together almost immediately, and maintained
under pressure while the adhesive is tacky. The period required for
setting depends on the amount of setting agent. At 20°C., with the
lower proportion of setting agent, the time is of the order of 4 hours;
with the maximum amount of setting agent the time taken is 2 hours.
At the end of these periods the pressure can be released, although the
joins will actually continue to become stronger during something like
3 hours. These adhesives will set and give an effective join even if
pressure is not applied. However, since the strength is dependent on
a continuous film of resin, it is necessary to ensure that no gaps should
be left.
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P.600 Resin. 'I'he best-known German cold-setting synthetic
glue is known as P.6oo resin.?? It was used for cold assembly work
in aircraft construction. The composition was:

100 parts phenol
150 parts 30 per cent formalin
2-5 parts caustic soda (in 7'5 parts water)

These are refluxed for 12-15 minutes and then distilled for 5 hours
at 20 mm.

125 parts paraformaldehyde
25 parts acetone

are added and refluxed for another 1} hours. 'T'he material has a shelf
life of 2 months.

A hardener is used, generally toluene- or benzene-sulphonic acid as
a 50 per cent solution in water; 0 per cent is used on the phenolic resin.
Pot life is about 4-5 hours at 20°C. Curing time is 12-15 hours for
maximum strength (100-130 kg./mm.2). 'T'he glue is not dependent on
thin glue lines for strength; wide gaps, e.g. 5-6 mm. give normal
strengths.

FFor cold-setting adhesives the following is used:

100 parts P.6oo
20 parts Hardener (50 per cent solution)

Modified Phenol-Formaldehyde Resins. One of the most im-
portant fields of application of phenol-formaldehyde resins is for
coatings generally, as distinct from special types already described.
The types of resins already described are not very suitable, and
modifications of composition and technique are necessary. Oil-soluble
resins have played a profound part in many improved types of coatings
in recent years. Many combinations of phenol-formaldehyde resins
and other synthetic resins are also employed. Oil solubility applies to
the usual drying oils such as linseed oil, tung oil, treated castor oil, etc.
Varnishes are ordinarily based on combinations of drying oils with
natural gums and resins. Greatly enhanced effects have been produced
by the incorporation of synthetic resins to replace the natural gums
and resins.

There are three distinct procedures whereby phenol-formaldehyde
resins may be rendered soluble in drying oils:

(@) Phenol-formaldehyde resins may be modified with rosin.
(b) The resins may be modified with drying oil.
(¢) Completely oil-soluble phenolic resins may be prepared.
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This type of material was first put forward by Berend? and Albert
in 1912. They are similar in many respects to the materials known in
this country as Albertols.?

Drying Oil Modified Phenolic Resins. Phenol-formaldehyde
resins react more favourably with tung oil than with linseed oil, and
tung oil is most widely used in making this type of product. The
behaviour of tung oil and any products in which it features is largely
conditioned by the heating treatment. In order to get a rapidly-drying
product the tung oil must have been subjected to heating above 270° C.

Brown® heated 12 parts tung oil and 1-5 parts lead resinate up to
190°C. and held for 15 minutes. When cooked to 100°C., 4 parts cresol
and 3 parts formalin were added. The mixture was heated at 100°C.
for an hour, allowed to stand, and then heated at 150°C. until no free
formaldehyde was present. It was thinned to give a baking varnish.

T'he general practice is to combine the drying oil with phenol before
completing the reaction with formaldehyde. A typical procedure,
according to Byck,® is to reflux the following composition for 6 hours:

100 parts phenol
150 parts tung oil
2 parts phosphoric acid
T'hereafter, two successive portions of 10 parts hexamethylenetetramine
were added. The material is then heated at 300° C. until it becomes
extremely thick. It can then be dispersed in the usual varnish media
to give a rapid drying varnish.

Another procedure! is to dissolve all the ingredients in a mutual
solvent of high boiling point. The solution is then refluxed until
homogeneous. The solvent is distilled off and further heat treatment
is given until the resin acquires the desired consistency.

Oil-Soluble Phenolic Resins. Phenol-formaldehyde resins which
are completely soluble in oils without any modifications have steadily
gained importance in recent years. They are mainly based on sub-
stituted phenols. The number of phenols which may be used is
very great owing to the success achieved by synthetic methods, but
there are certain characteristics feature which are common to all of
them.

Certain generalisations can be made concerning this development.

(1) Ortho substitution gives easily oil-soluble resins with acid or
alkaline catalysts.

(2) Para substitution gives easily oil-soluble resins with acid catalysts.
Alkali and high proportions of formaldehyde tends to give
insoluble resins unless the reaction is stopped early enough.
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(3) Meta substitution tends strongly to produce insoluble resins
except in the case of symmetrical xylenol or when the substituent
group is very large.

(4) Oxygenated substituent groups tend to produce insoluble resins.

(5) All ortho substituted phenols produce resins which yellow or
darken on exposure to light.

(6) All ortho compounds produce resins which are slower in drying
than the corresponding para compound.

(7) Alkaline catalysts generally give better drying materials than acid
catalysts.

(8) Para substituted phenols produce resins which are superior in
alkali resistance to the corresponding ortho or meta compounds.
The phenyl group is especially powerful when in para position
in promoting alkali resistance.

Up to the present time most of these phenols have not been available
commercially, and expansion in such cases have waited in their avail-
ability. The most readily available materials have been the xylenols,
obtained from coal-tar. These are in general more reactive towards
formaldehyde than are phenol or the cresols. Of the isomers available
the 1.2.4 xylenol appears the best for oil-soluble resins.

Oil solubility appears to depend largely on two factors: (1) the nature
of the group which is attached to the phenol portion, and (2) the position
of the substituents. The earlier consideration of the formation of resins
has shown that meta-substituted phenols are the best for making
thermosetting resins for moulding powders. For making oil-soluble
resin it is found essential that the para group shall be blocked. Brittain?
states: ‘‘Practically all of the substituted phenols which are used by
the manufacturers at the present time are para-substituted phenols.”
The important positions for making oil-soluble phenol-formaldehyde
resins are the ortho and meta positions which should be open.” The
ortho-substituted resins are not used at all in the manufacture of
phenolic resins. According to Turkington and Allen!? ““the explanation
lies in the fact that the three most reactive positions in the phenol ring
structure are the para and the ortho positions. When any of these
positions is occupied by a substituent group the tendency to form
cross linked three-dimensional insoluble polymers with formaldehyde is
diminished.”

Usually, rather less than 1 molecular equivalent of formaldehyde is
condensed with 1 molecular equivalent of the phenol.

In the case of these resins the type of catalyst markedly influences
the resulting product. Alkaline catalysts form products which at first
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are oil-soluble, but which, on further heating, may become insoluble,
"T'his property is of considerable importance. It affords the opportunity
of combining the outstanding properties of the phenolic resin with the

drying behaviour of the oil. The following is a typical example:

75 parts p-tertiary butyl phenol
50 parts formalin
=7+5 parts conc. ammonia

TaBLE 37
XYLENOLS
Formula Nomenclature
OH
NS 1.2.3  Xylenol
| 8:3 (0-3 xylenol)
7 o,
OH
EANS 1.2.4 Xylenol
| i, (m—xylenol)
NS
Cli,
OH
N 1.2.5 Xylenol
CH, |\ /' “Ha (p-xylenol)
OH

1.2.6 Xylenol
(m-~xylenol)

OH

VAN 1.3.4 Xylenol
K/I CH, (o4 xylenol)
CH,

OH
CH, O CH,

The 1.3.5 Xylenol is the most readily available and the cheapest.
soluble is the 1.2.4 Xylenol.

1.3.5 Xylenol
(m-s5-xylenol)

M.P.

73" C.

25°C.

25°C.

65°C.

66°C.

B.P.

213°C.

211°C.

212°C.

202°C.

222°C.

221°C.

The best oil
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Reflux for 4 hours and vacuum distil. An oil-soluble resin is obtained
which hardens when heated further.

The use of acid catalysts gives permanently fusible resins which have
high solubility. These resins are very hard, have high melting points,
and have high solubility.

TaBLE 38
LeapiNG PHENOLs Usep FOR MAKING Ot11. SOLUBLE RESINS
M.P. Resin
With Formaldehyde (Acid Catalyst)

OH

1.2.4 Xylenol | \ CH, 72°C.
NS
CH,
OH
N

p-tertiary | 96° C.
Butyl Phenol e

CH;—C—CH;
|

CH,
OH
_ N

p-tertiary | 58°C.
Amyl Phenol ANy

o
CH,—C—CH,
CH,

|
CH,

p-tertiary | ) 91°C.

Octyl Phenol

p-phenyl phenol 110°C.
/
|
AN
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'T'he following examples illustrate the use of acid catalysts in the
formation of suitable resins:?

(a) 61 parts 1.2.4 xylenol (1 mol.)
40 parts formalin (1 mol.)

are refluxed with 3 parts conc. HCI for 4 hours, washed free from acid
and vacuum distilled at 120°C.

(b) 25 parts p-tertiary butyl alcohol
13 parts formalin

representing 1 mol. equivalent of each are refluxed with 4o0-5 parts
conc. HCI for 4 hours. The solution is then distilled under vacuum

at 120°C.

(¢) 164 parts p-tertiary amyl alcohol (1 mol.)
84 parts formaldehyde (0-8 mol.)

are refluxed with 4-5 parts conc. HCI for 2 hours, washed free from
acid and distilled under vacuum at 120° C.

In principle, where the substituent groups contain much oxygen
they reduce the oil solubility. On the other hand, they aid the resins
to react with glycerol and find a use for combination with alkyd resins.
'I'hese resins, when incorporated into oils, give varnishes having many
attractive characteristics. 'They have high resistance to climatic con-
ditions, moisture, acids, and alkalis. They have good durability and
they aid rapid drying. Turkington and Allen described work success-
fully carried out on a basis of the addition of 100 parts of resin to
200 parts of tung oil.

In general it has been shown that solubility in oils is increased where
the size of the substituent group is increased.
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CHAPTER VI
MOULDING POWDERS

UP to the present time by far the greatest amount of plastics have been
used as moulded articles. The most important moulding plastic has
been, and unquestionably is still, moulding powder based on phenol-
formaldehyde resin. The principles involved in making mouldings
from these apply generally to all thermosetting materials, although
details may differ.

General Properties of Phenolic Moulding Powders. Products
which have been obtained by moulding phenolic resins have an excep-
tional range of desirable characteristics. They have high mechanical and
electrical properties, and are extremely hard. In addition, they with-
stand high temperatures. With suitable fillers the impact resistance is
also of a very high order in relation to other materials. From the
chemical point of view the products are extremely inert. Mouldings
do not tend to change with age, there is no change of dimensions, nor
in any of the characteristic features. They are resistant to oil, grease,
etc., and to all the common solvents. They withstand weak alkalis
and organic and dilute mineral acids. They do not affect metal inserts.
They are extremely resistant to moisture, and this property is sub-
stantially improved by the use of suitable fillers. The products are
disintegrated by strong nitric acid, sulphuric acid, or strong alkalis.

In view of this range of properties certain important industries have
led in the widespread use of phenolic products. For example, the car
industry found that they solved many of their problems, particularly
in the electrical system. Phenol-formaldehyde articles had just the
right combination of properties; first, good electrical characteristics;
secondly, because of the high resistance to heat, water, and oils, and
also because of the important property of accurate reproduction.

It is fairly evident that the moulded phenolic materials would appeal
especially to the electrical industry, which is an enormous consumer
of them in every conceivable form. Thus phenolic resins early solved
the problem of making available vast quantities of accessories for the
radio industry. Again, because of the high corrosion resistance, and
impact resistance, they have attained great popularity in the chemical
industry.

Phenolic resins, as ordinarily prepared, are not very suitable for use
alone as moulding materials, being comparatively brittle, and not having

156
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great strength. Moreover, they have an inherent dark colour and are
not fast to light. To overcome these drawbacks it has been necessary
to compound the resins and convert them into moulding powders.
When it has been suitably compounded the product is incomparably
superior to that obtained from the bare resin. For the production of
moulding powders resin is usually mixed with fillers, pigments, lubri-
cants, catalysts, etc. 'The usual procedure is to make the resin, thereafter
adding the requisite amount of filler, such as wood flour, and the
quantity of accelerator that may be required.

TaBLE 39. Typical Composition

Formula © 1 stage # 2 stage

e — et ——— —— ——— l‘
Resin . . . 100 | 100
Wood flour . . 7580 | 75
Hexamine . - 5-1§
Stearic Acid 1’5 5
Lime . O -
Dyestuff 2 L2

or {
Pigment . S S ¥

|

Phenolic moulding powders are prepared in a number of different
grades. 'T'hese depend upon the purpose for which they are to be used.
The chief variation is in the type of the filler. By far the greatest
proportion, something like go per cent of all moulding powders, contains
wood flour. This is the cheapest filler available, and, in general, gives
a material which is adequate for most purposes.

Rather smaller quantities of other fillers are employed in moulding
powders owing to mixing difficulties.

The usual type of lubricating material is stearic acid. This is widely
used because it prevents the sticking of moulding to the mould surface
and facilitates ejection of the moulding. Since speed of setting is of
primary importance in moulding, it is desirable to prepare the moulding
powder so that while it still retains enough flow to enter every part of
a mould, it will thereafter set hard as rapidly as possible. The function
of the catalyst or accelerator is to carry the degree of set or the cure as
far forward as is practicable. Small quantities of lime or magnesia
are generally used. For two-stage resins hexamethylene tetramine is
usually added to provide the necessary additional formaldehyde.

The production of coloured phenolic resins has in the past been
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somewhat difficult. It has been evident that the colour range was
somewhat limited. The reasons are that high temperatures are involved
in moulding and the constituents of resins are corrosive and calculated
to give dark materials. So that the use of organic dyes until recently
has not been too effective. Improvements in this connection have
greatly increased the colour range of phenolic moulding powders. In
the past inorganic pigments, such as red iron oxide, burnt sienna,
umbers, and so on, have been extensively employed.

So far as the resins themselves are concerned, cresylic resins have
been most widely used for black and dark brown materials, while for
coloured articles phenolic resins have generally been employed.

Pigments and Dyestuffs. The colouring material used with
phenolic resins and indeed for most plastics, are similar in many respects
to those used for rubber and paints. The characteristics required for
materials used to colour thermosetting plastics are good tinting power,
hiding power, fastness to light, resistance to high temperature and
chemical attack. In a great measure the inorganic types also act as
filling materials.

Titanium dioxide is, of course, the leading white pigment. It has
five times the whitening power of any other material. Comparatively
small loadings are required. It is relatively expensive. A mixture
of titanium dioxide and barium sulphide is known as titanium white
and gives exceptionally effective white at much lower cost.

Zinc oxide is one of the most widely used white pigments. Among
plastics it is chiefly used for casein and ethyl cellulose. It must not be
used on polyvinyl compositions. Another suitable white pigment is
lithopone which is based on barium sulphate and zinc sulphide.

Then there is the group of fillers which give more or less white
compositions; namely, chalk or whiting, alumina, and barytes. Chalk
or calcium carbonate is affected by acids which impose limitations
on its use. Barytes, which is barium sulphate, stands up to the strongest
acids, but is very heavy, having specific gravity of 4-5.

Carbon in one form or another supplies practically all the black pig-
ments and fillers. There are many types available depending on the
source and the method of formation. They differ appreciably in particle
size, hardness, intensity of colour, and so on. Hard carbon blacks are
made by the Channel process of burning natural gas. Thermatomic
processes, i.e. cracking, give softer blacks of larger particle size and
having less covering power. Then there are lamp blacks and acetylene
black which are softer still and have much larger particle size.

Carbon black and the other blacks have not yet acquired anything
like the same significance for plastics as they have for rubber. However,
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I think they will in due course become much more important than
they are.

Different Types of Carbon Black. 'T'here are four lecading types
of carbon black:

1. Channel Black or Gas Black. 'This is regarded as the outstanding
filler from the point of view of improving rubber properties. It is made
by incomplete combustion of natural gas. The flames of burning gas
impinge on metal surfaces, and the black deposits. Owing to their
extreme fineness the size of the particles has not yet been satisfactorily
determined. While Green® considered the average diameter as o'15u
(r-=1/1,000 millimetre), Grenquist! placed the diameter in the range
between 151 to 200mp (1myp =1/1,000,000th millimetre).

2. Acetylene Black. 'This is produced by the explosive combustion
of purified acetylene in closed chambers. Comparatively little work
has been carried out to determine its particle size, which is thought to
range between carbon black and lamp black.

3. Lamp Black. This is obtained by incomplete combustion of fats,
oils, tars, etc. Its particle size, according to Green (loc. cit.), is mainly
between o-3u and o0-4u, and goes up as high as 1.

4. Thermatomic Black. ‘I'hermal decomposition, or cracking of
natural gas in the absence of air, yields thermatomic black. It is said
to be about 1y in particle size.

The particle size is important because of the implication of the
surface area generated. Cranor® has shown this in terms of acres of
surface available per pound of black.

TABLE 40
Type " Surface (Acres | .
(Carbon Pigment) per pound) Examples

Coarse thermal . . C 10 " Thermax, Shell, etc.
Fine thermal . . . - 40 | P-33
Semi-re-enforcing (“S.R.”") . 35-40 | Furnex, Gastex, etc.
Channel impingement ‘

Coarse channel . . . 10°3 or less | Micronex W--6, etc.

Medium channel . . . 10°5-10'75 | Standard Micronex, etc.

Fine channel . . . 11'§-12°0 i Micronex Mark 11, etc.

Since black mouldings predominate for electrical applications, the
poor electrical characteristics of carbon particles has been of some
significance, since they might contribute to tracking and similar
undesirable effects. As a consequence, black dyestuffs, such as nigrosine
and chlorazole, etc., have been widely used.
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On the other hand, it should be emphasised that particularly with
some thermoplastics having rubbery characteristics, carbon black
enhances tensile strength, abrasion resistance, and other physical
properties.

A certain number of inorganic colours are extensively employed.
Iron oxides of one type or another have supplied red and brown shades.
More intense reds are obtainable with mercury sulphide, vermilion or
antimony sulphide. Ultramarine and prussian blue provide blue shades.
The numerous chrome derivatives provide yellows, greens, and a whole
range of other colours.

Dyestuffs predominate for imparting colour to plastics. Where
transparent and translucent effects are sought, resin-soluble dyestuffs
are invariably employed. The most widely used group are the lake dyes
which are used in the same way as inorganic pigments or fillers.

It is quite clear that the chemical behaviour of a filler or pigment must
be carefully considered before it is incorporated into a plastic, so that
any materials which are affected by acids, for example, should not
be used for making plastic compositions which have any chance of
coming into contact with acid conditions. Similar limitations should
be observed where other usage factors are concerned.

Fillers for Phenolic Resins. The use of fillers has been found to
overcome the brittle nature of the pure resins. The nature of the filler
used is of considerable importance, for it affects not only the flow
characteristics of the moulding powder, but also the general properties
of the finished article. The main requirements of fillers are as follows:

(@) Good tensile strength and impact strength.

(5) Low moisture absorption.

(¢) Low specific gravity.

(d) The ability to be easily wetted by resins and dyes.
(e) Cheapness and availability.

Other characteristics which are of value include good electrical
properties, light colour, ability to withstand high temperature and
chemicals, resistance to acids, alkalis, and solvents, good heat resistance,
non-inflammability, and lack of odour or taste. The filler also plays an
important part in finishing operations, e.g. drilling, tapping or tumbling,
etc.

Wood Flour. The most widely used filler is wood flour. In the
past this has been present in more than go per cent of all phenolic
moulded articles. It is usually employed between 8o and 120 mesh
sizes. It is the basis of general purpose moulding powders. The amount
employed is normally equal to the weight of the resin, constituting
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TABLE 41

PrINCIPAL FILLERS

Fibrous V Non-Fibrous
( ), oanic Materials — (.otton powder ﬂod\ and fabru:
Cellulose types Woad flour, sawdust

Paper and wood pulp

Linen, fibre and fabric

Rayon fibre and fabric

Jute, hemp and sisal as thread,
string and cord

Non-cellulosic Cork dust and powder
types . Leather dust
Wool and wool felt
Lottonsccd hulls
Inorganic J\fa!('rzalcw- l\sbestos . Barytes
Mica . Slate powder
Glass fibre i Marhle dust
Zinc oxide
. Sulphur
Stearite
China Clay
Tale
. Pumice Powder
Carborundum
 Carbon black, etc.
. Graphite
Silica
Calcium Sulphate
Coke dust

i Kieselguhr
Miscellaneous Flour, soya flour, casein, zein, Irish moss, lignin,
Materials— peat, bone meal, natural gums, walnut shell flour,

ctc.

about 45 per cent of the finished moulding powder. Greater proportions
 have been incorporated in cheap articles.

Although large quantities of wood particles are obtained in normal
wood-working processes, it has been found that superioi results are
obtained by preparing the wood flour by attrition methods. It is found
that a grinding process gives rod-like particles of wood which are

superior to the shapeless particles otherwise obtained. Quite apart from
11
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the mesh size, any sample of wood flour is a mixture of particles of
widely varying shapes and sizes. Average length of the individual wood
fibre is from o-002 to 0-007 inches.

According to Redfarn® the rod-like particles are thought to give easy
flow to the moulding powder because the particles of filler are able to
roll over one another.

Wood flour gives good properties to the final product and is quite
adequate for most general utility purposes having the necessary physical
strength and electrical properties. It reduces shrinkage on cooling. It
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PERCENTAGE OF WOOD FLOUR’
Fig. 39. Influence of wood flour

equalises stresses set up in moulding, etc. It provides anchorage and
ability to withstand shock and vibration. Although not the ideal filler,
yet its range of properties combined with the enormous quantity always
available and low cost guarantee its continued leading position.

The leading types of wood flour are light in colour and do not contain
appreciable quantities of soluble constituents. Typical commercial
varieties are obtained from pine, fir, spruce, and poplar. In the past,
most supplies for Great Britain have come from Scandinavia, and were
mainly pine.

The relative lightness of wood as a filler has been one of its out-
standing characteristics, and also the fact that an excellent finish is
obtained. A variation on this theme is the use of powdered nut-shells
as filler. A type which has acquired popularity in the United States
is ground walnut-shells. By virtue of the hardness of these materials
they can more readily be ground to a uniform condition.

It is absolutely essential that wood flour should be dry before being
utilised as a filler for phenolic resins. In the ordinary way it contains
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!

;rabout 6 per cent water, but it will readily take up much hlgher amounts.
([If this is not done, then the moisture present may result in porous
Eproductq which are unsatisfactory. Particularly where electrical
iproducte are to be made, this is a matter of great importance.
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Fig. 40. Impact strength of wood flour filled phenolic moulding

: 'TABLE 42
¢ RE-ABSORPTION OF MoISTURE BY DRY WooD Frour—TyPicAL VALUES
§‘ FOR Various HuMipITIESS
ﬁ Per cent Per cent Humidity at 20°C.
f’ Water re-absorbed | |
»:: during Exposure 50", ! 75, 100%,
1 hour . . 29 49 84
. $ hour . . 39 67 10°0
P 1 hour . : 40 85 12:2
2 hours . . Constant -0 14
I (wcight) K ¥
4 hours . . —- 90 1671
7 hours . . -— 9'9 17°5
20 hours . . - (Constant -=
weight)
24 hours . . — — 20§
(Constant
weight)

@ Frequently it is essential to bake wood flour under controlled
conditions to remove moisture.

Moulding powders containing wood flour fillers readily soften and |
ow under suitable heat and pressure. This enables them to be formed | -
gin steel moulds into an endless variety of articles. Their applications
imay be grouped under the following heads:

. (@) As standard materials for ordinary electrical and mechanical
applications. They are used for car insulating parts, and for
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decorative parts. Most moulded articles are made from this

material.
(b) They are widely used for bottle-caps and closures of every

description.
(¢) Such filled materials are specially suited for moulding around

inserts.
(d) They are widely used as materials for making buttons and

ornamental articles.
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TFig. 41. Tensile strength of wood flour filled phenolic moulding

Fibrous Materials. For many purposes phenolic resins filled with
wood flour, although of general and wide utility, still lack impact
strength. As a consequence, where impact resistance is of particular
importance, other types of fillers are employed. In such cases fillers
based on paper, cotton, and other fibrous materials are used. As
compared with wood flour, such fillers offer advantages not only in
impact resistance, but also in resistance to moisture, resistance to acid,
lack of odour, etc. For high impact strength, particles of fabric are
outstanding and have come into wide use.

Two main types of cotton products are employed for moulding
powders, fabric fillers, and cotton flock. Ifabric is cut up into small
particles and is available in as many forms as there are woven fabrics,
that is to say, from light cottons up to heavy canvas. Cotton flock is
obtained by breaking down cotton rags. The outstanding advantage
of all these materials is the superior strength of the product. This may
be due to interlocking of the woven fibres with phenolic resin. A dis-
advantage in their use is that such moulding powders have a much
greater volume than other materials which can pack more closely.

Other fibrous materials are coming into use. The fibres used for
cords and strings, such as sisal, manilla, jute, etc., have found expanding
application for reinforcing resins. Such fibres give results which have
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proved even superior to fabric particles and flock. While these fibrous
materials confer shock-resisting characteristics, they are rather more
difficult to mould because the filler impedes the free flow of the material.
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Fig. 42. Impact strength of shock-resisting phenolic moulding
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IMPACT STRENGTH, FT-LBS. PER IN
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Sisal, in particular, is already extensively used. Resin-bonded sisal
offers many advantages. The sisal is worked up into a consolidated felt.
This is impregnated or treated with resin, rough shapes cut and then
moulded. Only comparatively flat and simple mouldings are practicable
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Fig. 43. Tensile strength of impact grade phenolic moulding

since there is little flow. Pre-cut shapes are essential. Very high impact
resistance and low-density mouldings are obtained. The material is
used for articles where high impact strength is desired.

Outstanding examples of shock-resisting materials include telephone
sets, tool housings, and instrument housings of various types. Vacuum-
cleaner parts, washing-machine parts, etc., are other examples which
are usually moulded from shock-resisting phenolic materials.
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Filler made from nutshells are finding commercial application. The
leading types are walnut shell flour and coconut shell flour. .

TaBLE 43
SpeciFic VOLUME OF FILLERS

|
‘ 1 Specific Volume
Specific Gravity |(No. of c.cs. occupied

: by 1 gram)
Carbon-black . . . L 1-8 ‘- 0555
Zinc oxide . . . . 56 ; 0'179
Whiting . . . . . 27 | 0370
Clay . . . . . 26 0385
Lithopone . . . . 41 : 0-246

Mineral Fillers. The fillers already described give mouldings
which have had adequate heat resistance for most applications, yet there
are many uses where a much higher resistance to heat is desirable.
Where outstanding heat resistance and also superior water resistance
are required, fillers such as asbestos fibres and powdered mineral
materials are employed. Desirable features which all fillers should
possess are:

(a) Fine and regular particle size.
(b) Absence of gritty particles.
(c) Absence of moisture.

TABLE 44

THE INFLUENCE OF FILLER ON MoOULDINGS

Nature of Filler

o

250
\%?;Z;d %;,O.ff 509, 509%, Fabric | Cotton | Heavy
four 257 Mica | Asbestos| Filled Flock | Cord
/0
Silica

Tensile strength,

Water absorption (24

lb. /sq. in. | 9,000 8,000 8,000 6,000 7,500 8,000 9,000
Compressive strength,
Ib./sq. in. . . | 22,000 | 25,000 | 19,000 | 17,000 — —_ —
Flexural strength,
1b./sq. in. | 8,000 9,250 8,500 6,700 | 11,000 9,000 | 13,000
Impact strength, ft. /lb.
per inch of notch . | 20 1-65 1'35 1’5 3 125 8o

hours at 20°C.) . 050 0'50 005 025 o8 065 o8
Specific gravity . 1-35 1'50 175 190 135 138 1-36
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Widely used mineral fillers include diatomaceous silica, powdered
mica, talc, clay, wh_ltmg, barytes, etc. It is also a fact that mineral
fillers have more uniform particles than have the organic fillers. Such
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Fig. 44. Tensile strength of heat-resisting phenolic moulding
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Fig. 45. Impact strength of heat-resisting phenolic moulding

IMPACT STRENGTH, FT.LBS.

TABLE 45
APPARENT SURFACE OF FILLERs?

;Apparent Surface
' (sq. in. per c. in.)

Carbon-black . . . . . 1,905,000
Lamp-black . . . .| 1,524,000
China clay . . . 304,800
Ferric oxide . . . . . | 152,400
Zinc oxide . . . . . 152,400
Glue . . . . . . 152,400
Lithopone . . . . . 101,600
Whiting . . . . Lo 60,950
Fossil flour . . . . . 50,800

Barytes . . . . . - 30,480




MODERN PLASTICS

168

S1 o1 < o1 14 o1 ooz 3uisseq
fz o1 o1 o1 91 or SoW 0oz U0 PaureIds ‘ool Julsse
ot Sz oz oz t¢ oz ysaw 001 uo pautelds ‘ob Suissed
Sz of €¢ ot z¢ of ysou o¥ uo paurejas ‘oz Juisseqd
< Sz of ot + ot Ysouwl 0Z U0 PaureIdy

:3uad rad—azis apnaeg

gz-1 S1.1 0z.1 Cr.1 fz.1 Lia 1apmod Surpnout jo A11aeid ogroadg

sep) - — uoIrjoapix() Aep BUIY) UOIIJOAPIXQ I31IBW [BIDUTWI JO SINMIEN

aip siqnjos  a£p 3|qnjos  3Lp 2Yqn|os yoelq uolt
— yndg undg undg uoqie) Jo 3pIxQ © JUBINO[0D JO AIMIEN
0.001 0.001 0.001 0.001 0.001 0.001

o.¥g 0.z 0.z S.9 €.91 S8 29[y 4o yuawBid [eIoUTA;
0.1 .5 0.§ €t ot S¥ : : INISIOA]
IN o.z¢ S.6¢ L.S¢ S.at S.LE : G-@E £1p) anoy poop
0.5¢ S.09 .£¢ .68 o.g¢ .6 : ulsa d1[oudyq

U2 1ad—sisijeuy

MO[[P Y yoe[g soepg yor[g fa19 umolg : : : ©anofo)

9 ] + £ z 1 : : ‘oN] ojdureg

mﬁum»wr—.. uo.ﬁzma‘_e.—mzohmr._o./ﬁ:nmv SYIAMOJ ONIATIOT\ ONILLASOIN¥IH J, T¥OIdi ], 3OS JO SOILSIMALOVIVH))

oF a1avy,



MOULDING POWDERS 169

materials have another important advantage over the organic fillers
because they have a lpwer coefficient of expansion. This is a matter
of considerable importance when the problem of accurate dimensions is
involved. Often both fibrous and mineral fillers are used together.

Specific gravity of fillers is important. Heavy fillers are at a dis-
advantage, e.g. litharge 9-3, and zinc oxide 5:6. At the other end of
the scale are kicselguhr 2-2, clay 2-6, carbon black 1-8.

Fig. 46. A typical heavy duty article moulded from phenol-formaldehyde
moulding powder!®

Mineral fillers give moulding powders which have poor flow charac-

teristics; the products also offer more resistance to subsequent machin- -
ing. By virtue of these working difficulties, smaller proportions of the -

fillers are employed than is the case with the cellulose fibres. While
more difficult to process, and not flowing so readily as the wood-flour
type, on the other hand they give far superior heat resistance and water
resistance. Applications where such materials are employed include
heater connections, handles of cooking utensils, heater plugs for
irons, etc.

The tensile strength of mouldings made with mineral fillers is lower
than with wood flour and fibrous fillers. This is because they are not
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easily wetted by the resin and consequently give relatively poor
anchorage. Diatomaceous silica seems to be ope of the best, and it
confers such properties as resistance to water, low specific gravity, low
power factor, good colour possibilitics, and good flow. Kieselguhr,
infusorial earth, and fossil flour are other leading diatomaceous
materials. Owing to their shell-like shape they are somewhat absorbent.
Actually they are the finely divided silica remains of diatoms and other

Fig. 47. Moulded motor housing of the Hoover Junior vacuum cleaner!©

organisms. They are completely inert, resist heat, steam and chemical
attack, and are used as fillers for phenolic resins and many of the
thermoplastic materials. They also find some application in preparing
light-coloured aminoplastics.

Asbestos is widely used as a filler for the preparation of materials
which have to withstand chemicals and corrosion.

Other specialised materials are utilised for specific products. Special
consideration has to be given in the preparation of moulding powders
for products which have to be used in contact with chemicals as acces-
sories for textile machinery, rayon spinning, and chemical plant generally.
Special low loss moulding powders have been developed for electrical
requirements. In fact, a whole range of exacting industrial require-
ments may be fulfilled by variation in the types of fillers.
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TaBLE 47
THERMAL CONDUCTIVITY OF FlLLERS!

| | "Thermal Conductivity

Ingredient 5 cal. cm. /(,m zC. sec.
Zinc oxide ‘ ~001()7
Tron oxide . . . . . - 00132
China clay . . . . . o *00100
Lithopone } 00002
Blanc-fixe [ 00078
Whiting i ‘00084
Tale | *00090
Magnesium carbonate } -000577
Carbon-black | 00066
Lamp-black 5 -00140
Graphite Acheson 1 -00217
|

Mica. Mica as a fine powder is widely used as a filler, particularly
for phenolic moulding powders. There are difficulties in mixing it,
and other fillers are generally employed together with it. By virtue of
its flat plate-like form there is evident a tendency for lamination in

TaBLE 48
SUMMARY OF DATA UPON Mica®

- Muscovite group Phlogocite group
o] pae Potash or white Amber mica or
E;‘mfml hame ' mica magnesia mica
ief source . . India Canada
Chemical analysis (tvplc.i]) 04
Silica . . . 45°2 408
{}ll:m}::m . . . 38'§ ! 26-2
otas . . . 1 12
Magnesia . . — i 76
Ferric oxide . . —_— § 12°0
Water . . . 46 ‘ —
Specific gravity . . . L 2:75-3°0 ‘ 2'75-2'85
Moh’s hardness . . o 2:8-3-2 ‘ 2:5-2'7
Max. safe working temperaturc . 500°C. : 1,000°C.
Permxttwlty K . 4'2-5'0 ' 2°9-3-0
Specific resistance, ohms X 101 L 10-100 i 0'5~20
Electric strength, volts /mx] at20°C. | 3,000-6,000 3,500-4,500
Loss of water %, upon ignition at !
450°C. ' 003 : Nil
650°C., | 006 ‘ Nil
750°C. | 1-69 | Nil
800°C. | 329 i Nil
900°C. | 420 | o020

1,100°C. ! 430 | 1:0 max.
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the moulded article. Moulding powders containing it tend to stick
during moulding. It is generally employed for electrical mouldings. It
should be noted that mica is one of the leading fillers for shellac.

Finely ground slate powder is also widely used. Its advantages are
the inertness and its low cost. Specific gravity is 2-75.

Powdered silica is notably resistant to acid. As a consequence it is
used as a filler for phenolic resins which are to be used in chemical
equipment. China clays, kaolin, etc., are used as fillers for plastics,
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Fig. 48. Influence of types of fillers on properties®

augmenting the use of wood flour in many instances. They are resistant
to chemical influences. Another notable inorganic material is talc
(hydrated magnesium silicate), which is also widely used as a filler.

Asbestos. Asbestos is used as a non-inflammable fibrous filler. It
gives mouldings which will withstand much higher temperatures than
those containing wood flour, cotton, etc. It does not give such high
mechanical strength. Its leading application is in phenolic composi-
tions. It is the filler used in Haveg and Keebush phenolic compositions
designed for chemical engineering equipment, etc.

Asbestos varies according to the source from which it derives, being
available as long fibres or short fibres. The blue types come from India
and South Africa, the white from Canada. Long fibres will look
better, but are mechanically weaker. The fibres are relatively weak, so
that the normal mixing procedure tends to break the fibres down.
Hence, when the full strength is desired great care is necessary in



MOULDING POWDERS 173

mixing. Asbestos is only wetted with difficulty by phenolic resin, so
that often a wet mixing process is employed using a solution of phenolic
resin, the solvent being subsequently removed by heat. In this manner
the fibrous character is retained.

TABLE 49
SUMMARY OF DATA UPON ASBESTOS

Mineral (xroup
Average Characteristics : [

. Amphxbolc Serpentine
General col()ur of fibre . Bluxsh lavender White
Nature of fibre Springy, harsh Soft and silky
Specific gravity, average 325 22§
Strength, tension . . Poor Good
Strength, flexing . . . Poor Good
Solubility in acad, average

(hydrochloric) . . 10", 6095,
Critical temperature . . 300"C. 400°C.,
Iron content : . . o to 35°, Very low

Asbestos is generally regarded as a fire-resisting substance, but this
is not entirely true. When in contact with a flame asbestos does not
burn, but the flame temperature does destroy, to a large extent, the
physical strength of the fibres. White asbestos will stand temperatures
up to 400°C. and blue asbestos 300°C. before the physical strength
is affected.

White asbestos is readily attacked by mineral acids, but blue asbestos
is much more resistant, although it is attacked to some extent.

White and blue asbestos differ considerably in weight, the specific
gravities being white 2-3, blue 3-2

White asbestos has a greater tensile strength than blue asbestos, and
is not so harsh and brittle, so it can be more readily spun into threads
for weaving.

Asbestos readily absorbs an appreciable amount of moisture, but in
plastic composmons, for example, asbestos-filled phenolic mouldings,
the resin component waterproofs the composition, whilst the asbestos
gives it increased heat resistance.

The Preparation of Moulding Powders. Phenolic resin has to
be mixed with the other components. Mixing is either carried out in
an internal mixer, such as the Banbury mixer, or on open rolls, such
as the mixing mills commonly employed in the rubber industry.

Internal mixers are extensively employed for every type of plastic.
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For very rapid and convenient mixing one of the most widely used
machines is the Banbury.

Fig. s0. Housings for ball bearings moulded from P.F. powder!®

This consists essentially of an enclosed mixing chamber, which looks
like two adjoining cylinders with a ridge at their lower junction. This
12
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chamber is jacketed to take stcam or water. In each cylinder there is
a revolving blade, pear-shaped in cross-section, each of which turns at
a different speed. These blades, known as rotors, form a spiral along
their length. For mixing plastics the rotors are cored to take steam or
water. When the rotors turn the action is to mix every part of the stock

Fig. 51. Banbury mixer, conveyor, and mixing mill'*

thoroughly, this action taking place between the blades and also between
each blade and the surface of the chamber. The material is kept in
the mixing chamber by means of an air-operated weight in the feeding
neck. There is an outlet at the bottom of the machine for removing
the treated material. Usually a conveyor belt leads from the Banbury
to a set of mixing rolls on which mixing is finished off, and the material
may be rolled into sheets if desired.
The technical advantages of using an internal mixer are:

(@) It converts plastics to a desired degree of plasticity very rapidly.

(b) It produces uniformity in mixed materials.

(c) There are considerable savings in power.

(d) Large quantities of materials may be handled at one time,
making control of the mixing easier.
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Another feature is that many filling materials which are sometimes
difficult and unpleasant to handle are confined to the mixing chamber
and prevented from spreading over the establishment.

Mixing Rolls for Plastics. Mixing rolls are widely employed in
the production of practically every type of plastic. They closely
resemble those that have been used in the rubber industry for a century.
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LATING COOLING

WATER

Fig. 52 Banbury Mixer!!

Essentially the machine consists of two adjacent chilled iron rolls placed
horizontally, rather like an enormous metal mangle. The rolls are
hollow so that they may be cooled by water, or heated by steam, which
enters and leaves through special glands. For the actual mixing process
the rolls are brought up to a fairly high temperature by high pressure
steam. They rotate inwards towards each other.
Hand-operated scrapers are fitted to both rolls, in order that rnaterial
-may be stripped from the rollers when desired.
For mixing purposes the rolls move at different speeds, so that friction
is applied to materials being treated, the idea being to smear the plastic
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around the filler particles and to promote mixing. The back roller is
the faster. A normal speed for plastics work is 1'1 to 1.

The distance between the rolls, known as the “nip,” may be adjusted
by moving the front roll towards or away from the back roll. The
tighter the “nip” the more intensive is the mixing. Each roll is driven
from gears which are motivated by a high-power motor. A rough rule
is that 1 h.p. is required for each 1 inch length of roll, decreasing as
the size increases.

Fig. 53. Typical mixing rolls used for small batches of phenol-formaldehyde
moulding powder!?

The largest machine available has rolls 84 inches by 26 inches
diameter, with walls 2 inches thick. A typical machine suitable for
plastics has rolls 48 inches long by 16 inches diameter. It is driven by
a motor of 40 h.p. The rolls run at a ratio of 1-1 to 1. It can take
a batch of about 50 Ib. of material having a density of 14.

For the handling of plastics in general, the mixing rolls are fitted
with a hood, in order to carry off for recovery any solvents that may
be used, or any noxious vapours that may be given off at the compara-
tively .high temperatures employed. Temperatures up to 160°C. may
be used for various purposes.

The Mixing Procedure for Phenolic Mouldmg Powders. The
material is fed between the rolls. Under the influence of heat the resin
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portion softens and adheres, forming a blanket round the front roll.
A bank of material forms above the join (or nip) between the two rolls.
The resin softens and acts as a binder for the other material. A scraper
which can be moved against the front roll by the turn of a handle
serves to lift the material from the roll surface, so that intimate mixing
may be carried out, the mixture being frequently folded across itself.
During this procedure the heat generally carries the cure forward. The

time of mixing and the temperature used control the extent to which
the cure is advanced.

BANK OF PLASTIC

Y NIP
/s

Fig. s4. The mixing rolls

When sufficient mixing has been attained, which may be between
5 and 15 minutes, the material is removed from this machine, as a soft
doughy blanket of material. It may be fed on to another similar machine
with cooled rolls running at even speeds. Here the blanket is converted
almost immediately into a thin board-like sheet, so that further cure
is inhibited. This hard sheet is passed into a rotating crusher, and is
disintegrated into granules. Successive batches of these may be blended
in a large rotating mixer, and the material is then a commercial moulding
powder.

Phenolic Moulding Materials. Phenolic moulding powders are
made on a large scale at some of the leading German factories.!?
Different methods are used, depending on the types of moulding

material being produced. For wood-filled materials two general
methods are used:

(@) Rolling on mixing rolls.
() Kneading and rolling.

At one works the resin and hexamethylene tetramine are ground in a
hammer mill and mixed with the other constituents in an open Werner
and Pfleiderer mixer which is not heated. The batch size is 300 kg.
‘The mixed material is then rolled on mixing rolls. The size of these
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rolls is 1,000 mm. long and 400 mm. diameter. The normal operating
conditions are:

Front roll temperature, 80°C.; speed, 20 r.p.m.
Back roll temperature, 100°C.; speed, 12-15 r.p.m.

The sheet formed is crushed in a toothed crusher and ground in a
M.A.G. mill in which there are 12 fixed pegs on the rotating portion
which travels normally at 2,500 r.p.m. The material is ground between
revolving and fixed pegs and passes through a circumferential screen.

'The moulding materials from both processes are finally blended after
crushing and grinding. The blending is done in a mixer with two S-type
blades, both mounted on the same shaft and both driving the material
towards the centre. The blender charge is 1,200-1,400 kg. and actual
blending time is 1 hour, the total operation requiring 2 hours.

High Impact Moulding Material. High impact moulding material
is made from cut fabric which is impregnated with an alcohol solution.
Impregnation is done in an edge runner mill in which the runner wheels
are arranged in two pairs and rotate in one direction while the pan
rotates in the opposite direction. The discharge is through an opening
in the centre of the pan. Side-scrapers assist the discharge of material
and the runners are fitted with ploughs. Mixing time is 15 minutes.
The material from the mixer is dried in trays in a vacuum oven or
in a Simplex drier. The vacuum oven operates at 80°-9o°C. at a
pressure of 50~70 mm. Hg. Drying time is 84 hours. The Simplex
drier, which is preferred, is semi-automatic in operation. The material
on wire mesh trays 38 by 76 by 10 cm,, is placed in frames which
hold 8 trays (4 kg. per tray). These frames are lifted automatically
and fed in at the top of the oven. As one tray is put in, a finished tray
is removed from the bottom. The oven contains 10 frames and the
drying time is 80100 minutes.

The oven is heated by steam coils and hot air is blown through the
material.

The dried material from the vacuum oven or Simplex drier is passed
through toothed rolls to break up the pieces, and is then blended. The
blender is a hexagonal tumbler mounted diagonally and rotated at

15-20 r.p.m.
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CHAPTER VII
THE MOULDING OF PHENOLIC RESINS

MouLDING of phenolic resins is carried out in steel moulds which are
heated and subjected to pressure; at the same time under the heat and
pressure the fusible moulding powder is first fluxed and then flows
into every part of the mould. It then
hardens and sets quite firm. When it
has become infusible, the moulding can
be removed even while hot, without dis-
tortion. As a result of the combination
of the pressure and the chemical change
caused by the heat, the moulding powder
has been transformed into a homogeneous
solid. It is fundamentally important that
the moulding powder should be dry, other-
wise there will be blistering and porosity.
"There are thus two fundamental character-
istics to a moulding powder:
(a) The flow behaviour which enables
it to fill every crevice in the mould.
(b) The time of setting by heat or the
“cure,” as it is known.
The Moulding of Phenolic Resins.
In brief the process of moulding is carried
out as follows:

1. Powder is placed in the mould

_ cavity.
%%MW@% 2. Hydraulic power presses the lower

" . mould against the upper.
Fe 55;,,,21.‘&3‘,"“”'“" 3. The heat, which ma;) Il;e up to 180°
C., begins to liquefy the powder.
4. Heat and pressure which may be up to 4 tons per square inch
cause the powder to flow, take the shape of the mould, and
finally set hard.
5. The plastic sticks to the upper mould.
6. Ejector pins knock the moulded article free.
184
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Advantages of Moulded Phenolic Powders. Moulded phenolic
resins have the following leading applications:

1. When electrical insulation® is required, since they have high
dielectric strength. '

2. When moisture and chemical resistance is sought. They neither
warp nor swell when covered by water, and they are not
materially affected by weak acids, alkalis, or organic solvents.

Fig. 56. Rotary premixing machines in which powdered phenolic resins (Novolak)
is mixed with hexamethylenetetramine, wood flour, and colouring material®

3. When exposed to wide variations of heat and cold. 'These thermo-
setting resins neither crack at —80°C., nor distort at -+ 160°C.
Tests show that tensile and compressive strengths increase below
zero, while impact toughness incredses at higher temperatures.

4. When operating noise is to be reduced and machine vibrations
dampened. They have a degree of resilience which tends to
absorb severe vibrations and to cushion repeated shocks.

5. When a combination of mechanical strength and light weight is
essential. They withstand high-compression loads, pound for
pound, better than steel; they flex well without fatigue failure;
the flexural strength is high and hysteresis low; and they resist
hard impact blows.



186 MODERN PLASTICS

"T'he outstanding characteristic of mouldings made with these phenolic
powders is the amazing accuracy of the reproduction of every detail.
Each article leaves the mould with the exact dimensions. It also repro-
duces any markings which may be present in the mould surface. This
amazing accuracy of reproduction and finish accounts to a great extent
for the wide use of phenolic moulding powders.

There are additional factors which greatly enhance the importance
of the moulding method. For example, metallic inserts of every kind

Fig. 57. Small blending machines for the manufacture of small batches of
phenol-formaldehyde powder®

can be securely embedded as part of the moulding process. Screws,
bushes, collars, etc., are invariably embedded in this way. This elimi-
nates expensive assembling operations and finishing, and, indeed, gives
a superior product.

From the handling point of view, the moulded products can be
machined without much difficulty. Tools used for working brass are
eminently suitable for handling them. For example, they may be
drilled, tapped, threaded, and so on. It is one of the features of the
process that in most cases these requirements can be arranged as part
of the moulding process. The production of threads of every description
is commonplace. The moulded article does not tend to change with
age, and is quite permanent in character and dimensions.
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Moulding Procedure. T'here are two methods for moulding pheno-
lic powders: compression moulding and transfer moulding. In both these
methods heat and pressure are cmployed, but the principle involved is
rather different in each instance.

'The phenolic moulding powder may be placed in the lower part of
the mould, either as a loose powder or as pellets or in the shape of a

Fig. 58. Filling the mould apertures with powder!

preform tablet, which may conform roughly to the contour of the
mould. Moulding powder is usually poured into the mould from
standard measures.

Since moulding powder is bulky in relation to the final moulding
and to the size of the mould, prior to moulding, the processed material
very often is weighed out and formed into a biscuit by cold-moulding.
This preformed pellet is known as a preform. The preform has a definite
weight approximating to that of the final moulding.
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Advantage of Preforms. The shape of the preform is made as
near as possible to that of the article to be moulded. 'T'his process of pre-
forming is used when possible because it greatly hastens production. It

— e

Fig. 59. Typical shapes of preforms®

|

Fig. 60. Ejecting the finished moulding?

decreases the time required to load a multi-cavitied mould. The material
is approximately in the ultimate shape and much less flow is necessary.
In addition, less material is wasted and there is little danger of con-
tamination when preforms are used.
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Preforms are employed where the use of fairly bulky moulding
powder is a disadvantage. Powder is difficult to weigh and is awk-
ward to measure with any degree of accuracy. It occupies a great
deal of space in the mould and carries entrapped air with it. It was
found that phenolic moulding powder could be compacted under

Fig. 61. Pelleting or preforming machine®

pressure inr the cold without in any way impairing the plastic processing
properties. This led to the technique of preforming. In a sense this'
resembles the preparation of pills by a pharmacist.

A measured volume of powder is fed from a hopper into a mould
and subjected to pressure. No heating is involved. A preform moulding
or pellet is obtained. This is placed in the actual processing mould
instead of moulding powder, and the normal moulding procedure is
carried through. ,

Preformed tablets for use as mould charges can be turned out at the
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rate of 20 to 700 preforms per minute in a special type of press, unheated
and specially adapted for this operation. While each preform can be
placed by hand in the mould aperture, this becomes awkward and slow
where there are a large number of mould openings; for example, in
the moulding of bottle-caps. In such cases the usual procedure is to
have a frame with apertures corresponding to the mould openings. A
removable board is fitted beneath the frame which is filled with pre-
forms, and placed over the mould in the press. The removable board
is withdrawn and each pellet drops into its aperture. This procedure
is quite general.

Moulding powders filled with fabric shreds, etc., are very lumpy and
uneven. They are not usually made into pellets or preforms.

TOP PUNCH
FROM HOPPER r
X

OUTER DIE

BOTTOM PUNCH

@) ®

Fig. 62. Principle of operation of pelleting on preforming machine’

It is the general practice now to preheat moulding powder or pellets
prior to moulding. This treatment shortens the time of cure and leads
to smoother flow and characteristics and better mouldings. A preheat
for about 20 minutes at 80°C. is fairly widely practised. The use of
high-frequency methods for preheating pellets is gaining ground (v.1.).

Hydraulic Press. The press has been aptly described as the
work-horse of the moulding industry. It is undoubtedly one of the
fundamental machines in the plastics industry.

Presses are manufactured by firms which have specialised in the
solution of the many engineering problems which are involved.

A press consists of a stationary platen and a movable platen, mounted
in a suitable framework. Pressure is applied through the movable
platen. In some types of press the movable part works upwards, and
in others downwards. In either case the moving plate is attached to
a ram through which the pressure is transmitted. The ram is activated
by hydraulic pressure which may be developed by a pump associated
with the press or alternatively transmitted from an accumulator. The
accumulator itself is generally charged from a pump.
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Small hand-operated presses are employed, usually for experimental
work. With these it is possible to develop adequate pressure by means
of a ram attached to a screw which is worked by a large hand-wheel.
The disadvantage is that when the material flows the pressure is lost
and must be followed up.

The type of press where the ram
moves upwards has, of course, been in
use in the rubber industry for many
years. This is the plain upstroke press.
'The downward moving type of press
has been developed specially for the
handling of plastics. In the case of the
typical rubber press the platens consist
of steel chests which can be heated by
steam or cooled by water. The heat
developed by steam under pressure is
transmitted to the material which is
contained in the mould gripped between
the platens. Suitable inlets and outlets
for steam and water are features of
such machines. The whole assembly
is built into a convenient frame.

High hopes are held out for high-
frequency electrical current as a heating
medium, but this is still in its early
stages (v.1.). In the normal way there is
thermostatic control on such machines.

. Fig. 63. A large press of 1,000
T'he run of temperature normall){ M- tons designed for very deep mould-
ployed may be up to 180°C,, which is v Lo nic 8 e The
equivalent to a steam pressure of about press weighs about o tons®
100 Ib. per sq. inch. For moulding of

phenol-formaldehyde resins, lower temperatures may be employed,
“e.g. down to 140°C., but in this case the time of setting will be
correspondingly increased.

Heat transmission is one of the great problems in moulding. The
limitations of moulding are entirely due to poor heat conductivity
of the moulding powders. This limits the thickness of articles very
severely.

The general type of moulding presses in use comprisc the following:

Plain Upstroke, consisting of a hydraulic cylinder operating a ram
which raises the bottom table. The fall of the ram is by its own weight
under gravity. This is the cheapest form of press, but suffers from the
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disadvantage that it is slow in action and is liable to stick if the ram
packing is too tight.

Plain Upstroke, with return rams. 'T'his arrangement overcomes the
troubles due to tight packings, but slightly reduces the total tonnage of
the press as the return rams take up some of the pressure.
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Fig. 66. Upstroke press—showing hydraulic system
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Downstroke (sometimes called semi-automatic). As its name indicates,
in this type of press the bottom table is fixed and the top table is
connected to the hydraulic ram. These presses are always fitted with
a return ram which pushes up the top table immediately the pressure
is released from the main ram.

Downstroke with Pre-filler. This type of press is similar to the Down-
stroke Press, but with the difference that the main ram falls by gravity
until pressure is needed, the space in the cylinder caused by the ram
falling is filled from a pre-filler tank mounted on the head of the press
and connected to it by means of a lightly loaded or hand-operated valve.
When pressure fluid is admitted to the cylinder this valve is kept closed

13
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by the pressure. 'The return rams in this type of press cannot be of the
constant pressure type, as the ram must fall by gravity, and to do this
the return rams are connected by a hand-valve to exhaust by opening
levers “‘a” and *b.” 'The ram then falls by gravity, drawing in by
suction hydraulic liquid from the pre-filler tank mounted on the press

[TPR1)

head. The valve “b"” is then closed and the valve “¢” is opened, which
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Fig. 67. Downstroke press with pre-filler?

opens up the pressure supply, causing the ram to complete its stroke
under full working pressure. The pre-filler valve is so counter-balanced
that it returns to its seat and is held there by the pressure. When it is
desired to open the press, valve “a” is closed (leaving the pressure
supply to the return cylinders, but cutting off the supply to the main
cylinder) and the pre-filler operating handle is pulled, allowing the
return rams to push back the main ram to its top position and the
hydraulic liquid to be returned to the pre-filled tank. The pre-filler
type of press has the advantage of economy and speed of operation as
hydraulic fluid under pressure is only called for during the final part
of the stroke.
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Heating of Presses. So far as plastics are concerned, many presses
have platens which arc steam-heated and water-cooled. Other forms
of heating, e.g. by electrical resistances, or by gas, are also used. The
moulds, consisting of two or more parts, are placed between the platens
and may be removed for filling and unloading.

In other types of presses the two parts of the mould arc directly
attached to the platens, one part to the bottom and one part to the
top. In some cascs the mould parts themselves may be cored for
direct heating.

Steam. 'The platens are drilled through with a scries of holes and
cross-drilled and plugged to give a serpentine flow to the steam. Steam-
heating is very convenient as it will provide easy temperature control,
the temperature being directly proportional to the pressure. 'I'hus, a
steam pressure of 100 Ib./sq. in. always corresponds with a temperature
of 327'F. and 120 lb./sq. in. with 341°F. Thus a pressure gauge can
be marked to read temperature directly. 'The temperature may be
lowered by fitting a pressure-reducing valve before the steam inlet,
(Size of boiler necessary ‘can be approximately calculated by allowing
10 Ib. of steam per sq. ft. for normal running, and twice this amount
for warming up.)

FElectricity. Either strip elements such as are used in a domestic
electric iron, or long tubular elements pushed into holes drilled from
the edge through the plates. 'The temperature of the platens is main-
tained within 4 5"I. by means of thermostats operated by a thermo-
couple also inserted into a drilled hole in the plates. The thermostat
will switch off the current when the temperature rises too high, and
switch it on again when too cool. The heated platens, while in good
contact with the mould, must be efficiently insulated from the press
itself, and for this reason a sheet of insulating material, such as mica,
asbestos, or one of the many special compositions is put between them
and the press.

Hot Water. Another school of thought favours the use of hot water
instead of steam owing to the better thermal contact of water with the
channels in the platen. For this, instead of tapping the steam from the
top of the boiler, the hot water which is at the same temperature is
taken from the bottom. The control of temperature to individual presses
is not possible wjth the use of water.

Gas. 'This medium is successfully used in some plants, but suffers
from the danger of fumes. The method used is to insert long burners

“into tunnels in the platen, and temperature control is by thermostat
_operating a control similar to the well-known “Regulo” as used for
. gas cookers.
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The opening between the upper and lower platen is known as the
daylight. 'The maximum daylight will depend on the length of stroke
of the ram. For moulding plastics the press generally has a single
daylight. For applications where high pressures for moulding will not
be necessary, presses may have many daylights, there being a large
number of intermediate platens which are brought together by the
action of the ram. This type of press is widely used for moulding sheet
and for lamination. .

Pressure is usually developed hydraulically by means of water or oil.
The liquid is either pressed against the ram by the direct action of a
powerful pump —usually a three-throw pump-—or by the direct pressure
of an accumulator. The accumulator may be weight loaded, or loaded
with water. It is itself operated by a pump. The advantage of using
hydraulic pressure is that it is possible simply and smoothly to have
complete controlof whatever pressure may be needed up to the maximum
available. The ram remains stationary when in action, and exerts
a constant pressure on the mould.

Hydraulic Supply to moulding presses can be either through water
or oil. Oil is expensive in first cost, but shows a considerable saving
in maintenance costs, both on the presses and pumping equipment.
It is rapidly replacing water as a hydraulic medium and makes for
ease of control as easily operated piston-type valves can be used.
These are not suitable for water: the screw-down type of valve must
be used.

Pumps and accumulators. The action of a single-ram pump is
extremely jerky and would cause too much vibration, and in practice
it is usual for pumps to be fitted with a number of plungers driven by
means of a crankshaft, which is arranged so that the delivery from one
plunger commences at the end of the stroke of the others. In this
manner smooth operation of the press is obtained, and there is little
pulsation of pressure in the system. These pumps are usually driven
by means of an electric motor.

The most common type of pump used for the operation of hydraulic
presses is extremely simple in construction and incorporates two spring-
or gravity-loaded non-return valves arranged so that when the plunger
is withdrawn one of the valves opens and allows oil to be drawn by
suction from a sump. On its return stroke the plunger compresses
the oil (or water), closing the first valve against its seating and open-
ing the second, which allows the oil to be forced into the pressure
pipe-line.

Hydraulic presses do not require a constant supply of fluid during
the period when pressure is being maintained. Because the presses are
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not drawing oil from the pump continuously, a smaller pump can
be utilised if provision is made to store the operating fluid during
the idle periods of the press. In this way it is possible to have avail-
able a supply of fluid for press operation which can be drawn upon at
any time.

T'he tanks in which the fluid is stored are known as accumulators,
and consist of a large tank which is capable of withstanding the operating
pressure of the presses. 'The size of the tank is such that it will hold
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Fig. 68. Weight-loaded accumulator system from hydraulic supply
to moulding press’

sufficient fluid to meet the demands of the press system more quickly
than the pump can supply it. 'I'he capacity of the tank is varied by
the movement of a ram on which is placed a dead weight the magnitude
of which can readily be calculated from the line pressure required
and the diameter of the ram in the accumulator. It is the ram and
weight in the accumulator which control the pressure in the whole
system.

The choice of the hydraulic system to be used is made from the
following:

(1) Self-contained Units. Each press is provided with its own indivi-
dual pump. This can be mounted on the press itself or adjacent to the
press. This system, while being of heavy first cost, is very flexible and
enables a moulding shop to be expanded or the machines to be quickly
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moved to other locations. Oil operation is usually employed in self-
contained units.

(2) Batch Operation. 'I'his method of operation is popular as its cost
and installed h.p. are lower than those of self-contained units. (Note:
A self-contained unit needs a pump and motor of sufficient size for the
maximum load demand of the press.) It is generally estimated that
not more than 50 per cent of the presses will be operated at the same
time. Care must be taken to fit non-return valves in the supply line
to each press to prevent a fall in pressure on a press which has been
closed, when another press is operated.

(3) Accumulator Systems. "T'he hydraulic power is laid on in the same
manner as an electric supply from a main generating station, and in
order to balance the fluctuating demands for power an accumulator is
necessary to keep a steady load on the pumps. The choice of the
accumulator to be used lies between two main types.

(a) Weight loaded. 'This consists of a hydraulic ram fitted into a
cylinder mounted vertically. The ram is loaded by cast-iron weights
or, alternatively, with scrap iron in a tank attached to the ram and
exerting a pressure of I or 1} tons per sq. in., depending on the pres-
sure chosen for the system. 'The size of the accumulator is calculated
and the frequency with which it will be opened and closed. The
ram operates a deflecting valve when at its full height to cut off the
supply of fluid from the pump and prevent accidents. 'The pump
used to supply the accumulator is generally of the conventional treble
barrel vertical type, motor-driven.

In some plants using a number of Upstroking Presses, in which a
lower pressure can be used to close the press during the major part of
its stroke, a low-pressure hydraulic system is laid on in addition to the
high pressure; this is generally worked on a pressure of 300-500 Ib., as
it is less costly to pump water at this pressure than at 1 to 1{ tons. An
additional low-pressure accumulator and pump is installed.

(b) Air-loaded. 'T'his system (Fig. 69) uses the principle of com-
pressing air or gas which acts as a spring above the liquid and maintains
the pressure when the liquid is taken from the container. The container
is first of all filled with compressed air at some pressure below that of
the hydraulic system, and then the liquid is pumped into the container,
which further compresses the air until sufficient liquid has been pumped
in to obtain a balance of pressure. A typical example would be for a
hydraulic system working at 2,000 Ib. per sq. in. with a 1,000-cu. ft.
air accumulator. The accumulator would be charged with air at 1,500
Ib. per sq. in. When the hydraulic pump is started up water will be
pumped into the container at 2,000 lb. per sq. in., and when 250 cu. ft.
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of water has entered, the pressure of the whole accumulator will rise
to 2,000 lb. 'This is because the air pressure follows the law:

Pressure X Volume := Constant.
e, P1 x Vi = K
1,500 X 1,000 = 1,500,000
P2 x V2 =K
2,000 X V2 = 1,500,000
1,500,000
therefore V2 = 2,000 = 750 cu. ft.

The air accumulator has the big advantage that there are no moving
parts, and consequently no leakage. 'I'here are no packings to be
maintained, but there is the disadvantage that whenever water is taken
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Fig. 6y. Air-loaded accumulator system?

from the accumulator there is a small drop in pressure owing to the
operation of the PV = K law. Thus, if a press is operated needing, say,
20 cu. ft. of water, the pressure will then be reduced to

75°
750 X 2,000 == 1,950 lb. approx.
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The pressure drop can be reduced by the use of larger accumulators.
For instance, in the example given above, if the accumulator had been
of 2,000 cu. ft. capacity instead of 1,000, the pressure drop would have
been only 25 lb. Another limiting factor is the initial air pressure,
which determines the amount of pressure fluid which the accumulator
will take. In the example chosen, we have assumed an initial pressure

Fig. 70. A typical British moulding plant

of 1,500 Ib. per sq. in., but had this been 1,000 Ib., 500 cu. ft. of water
would have been pumped in and the pressure would have dropped to
1,900 lb. per sq. in., when 20 cu. ft. of water was drawn off.

A 100-ton press gives 100 tons pressure on the platens. If, therefore,
moulding is to be carried out at 1 ton per sq. in., then the effective
area of the moulding, or mouldings, must not be greater than 100 sq.
inches. Thus the press could handle one moulding of 100 sq. inches
effective moulding area, or 10 mouldings each with 10 sq. inches
effective moulding area, or 100 mouldings with 1 sq. inch effective
moulding area.

In the case of a press where the ram works upwards, i.e. the lower
table moves, the mould may be independent of the press. It can be
a hand-mould or fitted to the machine. With a downstroke machine
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the mould must clearly be a part of the machine so that the two parts
must be fixed.

Methods of Moulding. Compression moulding of phenolic resins
is accomplished by three methods: (1) 'They may be handled manually
in straightforward moulds, which are placed between the heated
platens of a hydraulic or suitable mechanical press, being removed by
hand when the moulding operation is finished. 'I'he moulding is then
extracted. This follows rubber practice. (2) Semi-automatically, where
the moulds are fastened to the platens of the press and the parts are

TABLE 52
COMPRESSION MOULDING "T'EMPERATURES

. ) | Normal Compression
T'vpical Standard Matcrials : Moulding Temperature
Range deg. C

1. Phcno] formaldehyde (vsood ﬂour) . 140-180
2. Urea-alpha cellulose filler . . . . 135-160
3. Melamine-formaldehyde . . . . 140- 175§
4. Cellulose acetate . . . 135-150
5. Methyl methacrylate mouldmg powdcr . . 140-180
6. Polystyrene . . . . . 120-180
7. Polyvinyl chloride- acetate . . . . 120-170

ejected from the mould as the press opens; and (3) the moulding may
be fully automatic where the processes of weighing or measuring,
charging the mould, closing it, opening, ejecting and removing the
pieces from the mould are carried out by suitable mechanical and
electrical means. A

The economy and suitability of the method used depends upon the
design of the part, the total quantity and the rate of production desired.

For the general type of phenolic moulding powder with wood flour
as filler, the moulding temperature may vary from 140°C. up to 180°C.,
depending on the material used and the design of the article to be made.

A short time after the hydraulic pressure has been applied the mould
is opened and the moulding is removed, a faithful reproduction of the
mould. In the normal way a full cure is required. Phenolic resins are
not particularly sensitive to overcure unless the temperature is very
high, i.e. greater than 180°C., when blisters are formed, followed by
charring if the heating is continued. If the article is under-cured the
moulding may be cheesy. Where powder has not flowed adequately there
may be rough patches or it may be distorted when ejected or removed.
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Usually the moulding is automatically pushed out of the mould by
means of ejector pins which are brought into action at the end of the
moulding cycle.

Angle Press. 'The tendency is to make more and more complicated
mouldings. Where undercuts and complex designs are involved, it is

Fig. 71. 25-ton self-contained unit of press and pump®

often impossible to manage with a two-piece mould. Split moulds are
essential. In such cases there must be horizontal pressure applied in
order to hold the various parts of the mould together. 'The angle press
is designed to handle such mouldings. A vertical ram operates down-
wards in the normal manner. In addition there is a horizontal ram to
hold the split mould parts in position. In ordinary practice the hori-
zontal ram develops higher pressure than the vertical ram, otherwise
it would be forced open during moulding operations.

The mould is first assembled and held by the horizontal ram. The
preforms or powder are put in, and the ordinary curing cycle carried
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through, i.e. the vertical ram descends, heat and pressure coming into
play. After moulding, the vertical part of the mould is first removed,
followed by opening up horizontally. 'I'he moulded article is then
removed and finished off.

Moulding Time. The time taken for moulding will vary according
to the type of phenolic moulding powder employed. 1t will also depend

“upon the article to be moulded, its dimensions, any inserts, and particu-

larly thickness. The time will obviously depend upon the temperature
and pressure employed at the present time. A small thin-walled article
may be moulded well within a minute. For cxample, a bottle-cap
requires less than a minute to mould. It has been found that with
increasing thickness the time required is more than the proportional
increase in thickness. By way of example, with an average article of the
thickness of o-125 inch the cure may take up to 3 minutes. A radio
cabinet, for example, requires about 8 minutes for completion. The
use of high frequency pre-heating has greatly speeded up production
particularly of thick articles. In the case of phenolic moulding powders
the finished moulding is ejected while hot. This is evidently a great
advantage and enables very speedy production. The fundamental
requirement is to heat long enough for the heat to penetrate right
through the material. T'o cure an article } inch thick may take 20
minutes, while a 2-inch section may require something like 1} hours.
In these instances nearly always the centre is undercured while the
outside tends to be overcured.

When an article has been ejected the mould is freed from any residual
particles of powder that may lurk in the corners by means of a powerful
jet of compressed air at 100 lb. per sq. inch pressure.

Moulds. 'The production of moulds is a very intricate form of
engineering involving the use of the most modern engineering equip-
ment. Apart from the design of individual moulds, it is necessary to
be able to reproduce as many moulds as may be necessary. 'The moulds
should be designed to cope with the mass of repetition work involved
in large-scale production.

Where large numbers of comparatively simple moulds are being
made, the process of hobbing is employed. This involves pressing a
hard steel master-die into a much softer steel hob. The reproductions
of the mould obtained in this way are then hardened. Obviously a
large number of such apertures can be made in a single slab of metal,
and is suitable for the large-scale moulding of various articles.

Usually the moulds are prepared from specially hardened steel. This
is necessary in order to stand up to the high hydraulic pressures which
are employed. They are very often chromium-plated. This serves a
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dual purpose, inasmuch as it helps to resist the corrosive influence of
phenolic derivatives at high temperature, and it also gives a superb
polish. In any event moulds are always highly polished. 'Their design
and production is a highly skilled form of engineering, being one of
the specialised branches of the industry. It is evident that such moulds
must of necessity be expensive, and their cost can only be justified by
the production of many thousands of mouldings from a single mould.-

EXCESS MATERIAL
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Fig. 72. Types of moulds

Much progress has been made in recent years in the process of
compression moulding. The number of cavities in a single mould has
increased from a maximum of 40 in 1925, until at the present time, for
small moulded parts, 200 cavities are commonplace.

The salient features in the construction of moulds have been outlined
by Young.? He suggested that mould design can be affected by:

(a) Materials to be moulded and their characteristics.

(b) Pressures and frictions set up in the mould.

(¢) Materials for mould construction.

(d) Thermal conditions in the mould and adjacent to the mould.
() Methods of operating and maintaining the mould.

So far as the actual choice of metals was concerned the factors to
be considered were:

. Differences in coefficients of expansion.

. Ease of freeing the moulding from the metal surface.

. Difference in friction between parts that have relative movement.

. Ease of extrusion where the moulded material moves across the
face of the metals.

S WO
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5. Hardness of the metals to stand up to the cracking and opening
of the moulds and insertion of metal parts.

The aspects of the behaviour of the material, e.g. phenol-formal-
dehyde moulding power which had influence on the mould be
described as:

1. 'Temperature at which the material is plastic, and the time it takes
to reach this plastic condition.

. The pressure set up by material when first introduced to the
mould, before it becomes plastic.

. The resistance to flow at the initial stage of moulding.

The resistance to flow when the material is plastic.

The resistance to flow at the latter end of the plastic life of the

material.

The abrasive action of the material on the mould surface.

. The coeflicient of expansion of the material itself.

. Any tendency to set up a rapid chemical action.

‘The bonding tendency of the material to the mould face.

The shrinkage of the material.

Effect of mould lubrication on the material being moulded.

N
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o
0w xu o
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Types of Moulds Employed. In principle, there are two primary
types of moulds used in pressing phenolic powders. They are known
respectively as ““Flash” moulds and “ Positive” moulds.

The “flash” type of mould, which is also known as the “overflow”
mould, is made so that the upper and lower portions rest one on the
other as they are brought together under pressure. Alignment is secured
by the use of dowel pins. The material may be either powder, if the
mould is sufficiently deep compared with the size of the piece to be
moulded, or pellets or a suitable preform tablet. There must be a
slight excess of moulding material available over and above the actual
amount necessary for the moulding. 'This excess material is squeezed
out at the join as the edges of the mould come together, and is known
as the “flash.” 'T'here is a tendency for the pressure to diminish as the
edges of the mould are reached, so that the moulding tends to become
weaker towards the periphery.

In the “positive” mould the upper part of the mould or the top force
or plunger telescopes into the lower portion of the mould. As there is
no outlet for excess material or “flash” in this case, an exact quantity
of the moulding material is essential. Consequently the moulds must
be made sufficiently deep to hold the complete charge of powder. It is
employed for deep-drawn mouldings. Powder is usually employed in
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this type of mould. The full possible pressure is brought to bear,
giving a firm dense moulding.

As a matter of interest the usual type of phenolic moulding powder,
based on wood flour as filler, compresses to about 40 per cent of its
initial volume.

In actual practice, the most widely used type of mould is a com-
promise between these two types, and is known as the “semi-positive’
mould. Tt is the most versatile form of mould. 'The lower part of the
mould is deeper than in the case of the flash type, so that powder may
be freely employed. The top part of the mould fits completely into
the lower part after the fashion of a “positive” mould, and the full
pressure is finally taken up inside the mould for a short distance at the
end of the stroke. As a result the full mould pressure is attained at
the end of the stroke, giving the same densifying effect which is produced
by positive moulding. As a result, rather better mouldings are obtained
than with the “flash” type where the pressure exerted falls away towards
the edges. This is particularly the case where very “deep draw”
products are being made.

Moulding Faults. Redfarn! has admirably summarised the chief
faults which may occur in moulding phenolic wood flour filled material.

(1) Precuring, which shows up on the underside of the moulding as
a slight chalkiness, in which the outlines of individual moulding
powder particles can be seen. Precuring is caused by the powder coming
in contact with the hot mould surface before the moulding pressure
has been applied. The fault can be overcome by a quicker closing of
the mould or by working at a lower mould temperature.

(2) Flabby, blistered mouldings, difficult to eject, but which will,
however, set hard on cooling usually with some distortion, are obtained
if the moulding time for the particular temperature used has been too
short. Raising the temperature or increasing the moulding time will
overcome this fault. Hard, blistered mouldings may sometimes be
obtained if the moulding time is very considerably prolonged.

(3) Short mouldings occur when too little moulding powder has been
put in the mould cavity or too stiff a moulding powder has been used.
The obvious remedies are to increase the charge or to use a softer
powder.

(4) Streaky mouldings are sometimes obtained when a cold powder
is put into a mould having a large surface area over which the powder
has a fair distance to travel. The powder immediately in contact with
hot mould surface becomes partially cured before the pressure is applied,
and when pressure is applied the partially cured powder has thus a
different degree of flow from the cold powder above it. T'wo particles
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of powder of different flow moulded side by side will give rise to streak
marks. 'The trouble can be overcome by preheating the powder and
lowering the mould temperature with corresponding lengthening of
moulding time.

Fig. 73. Fifty-ton press for transfer moulding’

(5) Core is the name given to a cokey centre in a thick moulding.
If the cokey centre contains a cavity it is called a void. Both of these
defects are brought about by the poor thermal conductivity of the
moulding powder, which allows the outside surface of the moulding to
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cure and set before the inside of the moulding has become hot enough
to flux under pressure. Cores and voids can be avoided by preheating
the powder and lowering the mould temperature with corresponding
lengthening of the moulding time.

(6) Underloading of the mould gives a characteristic moulding with
a crumbly edge, caused by lack of pressure. Increasing the charge in
the mould cavity overcomes this trouble.

(7) Overloading the mould, indicated by an excessive amount of spew
during moulding, gives a moulding with an unduly thick flash, and hence
of the wrong dimensions. Reducing the charge overcomes this trouble.

(8) Occasionally a moulding will stick in the mould and is difficult
to eject. Undercuring or the use of too high a temperature are often
the causes.

(9) Cracking round metal inserts when a moulding cools occurs
sometimes because the moulding composition has a greater contracta-
bility than the metal. The stresses can be relieved and the cracking
prevented by wrapping the insert with cotton, silk, or woollen tape
before moulding.

Transfer Moulding of Phenolic Moulding Powders. A method
of moulding which has achieved great importance during recent years
is known as transfer moulding. 'T'he preformed material is placed into
a heated chamber. It is subjected to heat for a short time, and is then
forced through an orifice into the mould by a plunger working at high
pressure. The mould is heated up to the full setting temperature
required. The moulding rapidly sets, and is then either ejected or
removed by hand.

The material in the chamber is heated up to a temperature of about
80°C., so that it is just beginning to become plastic. 'The piston or
plunger descends on this at a pressure of the order of 12 tons per sq.
inch. The intense friction developed at the orifice raises the temperature
to such an extent as to make the moulding powder almost fluid, so that
it flows readily into the mould. It is essential that the plunger should
be a very good fit into this container.

The advantages of the process are many. It cnables the moulding
of deep-drawn and intricate patterns to be carried out successfully.
One of the great difficulties in compression moulding is the distortion
and displacing of inserts. High local pressures caused by hardened
sections of resin readily push pins out of shape.

Transfer moulding does not have this effect, and the most delicate
inserts can confidently be moulded in without any troubles. The pro-
cedure has proved advantageous in the use of materials which are difficult
to mould such as fabric-filled powder or mineral-filled powders, etc.
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The relatively poor flow characteristics of these materials do present
real difficulties in ordinary compression moulding. They prove very
amenable when moulded by this injection process. Particularly in the
case of mineral fillers, however, the wear on the orifice or nozzles is
excessive, and care has to be taken in this respect.
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Fig. 74. Transfer moulding

A further development in this field is the so-called jet moulding
process, pioneered by Shaw.? While the conditions are in many respects
similar to transfer moulding, a cooling procedure is introduced around
the nozzle, so that there is no tendency for setting of the resin here.
The material retains its thermoplastic characteristics, and, as a conse-
quence, continuous injection moulding can be carried out.
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CHAPTER VIII
UREA-FORMALDEHYDE RESINS

UNriIL comparatively recent years phenolic resins had a number of
important limitations. In particular, really satisfactory light-coloured
products could not be obtained. Consequently there was always some
pressure to find synthetic resins which would give mouldings in a better
range of colours. It had been found that urea and formaldehyde com-
bined to form glass-like resins. These are referred to as urea-formalde-
hyde resins, urea resins, or as aminoresins. The transparency of these
resins in the first place suggested the possibility of making organic glass.
Apart from this angle, which was actively pursued, although without
success, it did show clearly the practicability of making gaily-coloured
articles in transparent and translucent colours and pastel shades, and so on.

'The fact that phenolic resins could not be moulded intd satisfactorily
coloured articles tended to limit their scope to utilitarian products. In
addition there was always the hangover of the odour of phenol or
cresol. In other fields of applications it was also sought to have rather
better electrical characteristics than were available with phenolic resins.
This particularly applied to the resistance to electrical tracking.

While these objections have been virtually eliminated yet they
supplied a driving force for the development of other resins, notably
the urea-formaldehyde type. Urea-formaldehyde resins are definitely
thermosetting. When heated they first become thermoplastic and then
set to an infusible mass. Over 24,000 tons urea moulding powders were
used in the United States in 1947.

Another practical aspect of great importance was the fact that
moulding conditions for phenolic resins, particularly the high tempera-
tures used, were very exacting, and materials which could be handled
at lower temperatures held attractions. The outstanding features of
aminoresins are the colour possibilities, the ability to retain these
colours under conditions of heat, or exposure to light. They also give
excellent adhesives.

Although the colour angle was the first main factor in the develop-
ment of urea resins, the most important factor at the present time is
the binding power. The use of urea resins for low temperature
setting adhesives for plywood, laminates and so on, is of major industrial
importance.

Synthetic resins have been made for many years by combining urea,

210
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or related materials, such as thiourea, or guanidine, with formaldehyde
or other aldehydes. They have been made for a variety of purposes in
a number of different forms. For example, water-soluble resins have
been widely used for making plastic adhesives for treatment of textiles,
and so on. Resins soluble in organic solvents have found their greatest
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Fig. 75. Flow sheet for urca-formaldehyde resins

utility as coatings. The latter application has acquired great sig-
nificance, and the term urea resins is applied widely not only for
straight urea-formaldehyde types, but also to products where these
resins have been modified by the inclusion of alkyd resins, and so on.

Urea resins are indeed truly synthetic. While commercial production
starts from urea and formaldehyde, these chemicals in turn are made
synthetically from four gases—urea from ammonia and carbon dioxide,
and formaldehyde from hydrogen and carbon monoxide.

Other materials resembling urea also form synthetic resins—notably
thiourea which is widely used, and guanidines.
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Urea resins can be divided into two groups:

1. The so-called “‘straight” types which are solutions of urea-
formaldehyde resins alone. These are practically colourless, and yield
films which are very hard but relatively brittle. They were the first
reaction products of urea and formaldehyde to attain practical impor-
tance. They were prepared in water solution and found extensive use
as adhesives, textile finishes, moulding powders, laminating solutions,
etc. However, these aqueous types are insoluble in nearly all the
common organic solvents. They are incompatible with alkyd resins
varnishes, and lacquers.

2. The difficulties were overcome by the preparation of urea-resins
containing alcoholic ingredients. These “modified” resins are predomi-
nantly urea types in composition and characteristics. They have
been modified by inclusion of alkyd resins or other materials to alter
distensibility, adhesion, and other characteristics. The extent to which
such resins retain the characteristics of straight urea types depends, of
course, on the kind and proportion of modifying material.

The Properties of Urea. The most important method for making
urea is by the interaction of carbon dioxide and ammonia. Such pro-
duction is generally associated with nitrogen fixation plants.

Until 1935 Germany was the sole producer of synthetic urea. Early
in that year in England, Imperial Chemical Industries, Ltd., com-
menced production of synthetic urea. Later in the same year commer-
cial production of synthetic urea began in the United States. In 1936
it was estimated that world production of synthetic urea was about
150 tons per day. Present U.S. production is about 50,000,000 1b. per
annum, all of which goes into plastics.

In effect the process consists of subjecting ammonia, carbon
dioxide, and water, to high temperature and pressure. The process can
be made continuous. Ammonium carbamate appears to be formed as
an intermediate product. The production is accompanied by acute
corrosion difficulties. While ammonia, carbon dioxide, and water by
themselves are practically harmless to steel, yet when combined they
are extremely corrosive.

Pure urea is a white odourless crystalline solid m.p. 132°C. which is
freely soluble in water.

Thiourea is a white crystalline material m.p. 170°C. It is widely
used in moulding powders together with urea. It improves water
resistance.

Background of Urea-Formaldehyde Resins. Holzer!? in 1894
obtained white insoluble precipitates from urea and formaldehyde in
the presence of dilute acids. This was considered to be methylene urea.
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This reaction of formaldehyde with urea was studied by Goldschmidt®
in 1896 who condensed them in a neutral solution and also in an acid
solution, obtaining white granular resins.

The first systematic investigation of the reaction was carried out by
Einhorn and Hamburger® in 1908. 'T'hey isolated dimethylol urea, a
crystalline soluble material melting at 120° C. At 137° C. it formed an
amorphous substance.

John'%in 1920 was the first to realise the potential importance of the
resins, particularly as surface-coating materials. He prepared an
adhesive by treating urea with an excess of formaldehdye. He actually
heated one part of urea with five parts of formalin and removed half
the liquid by distillation. 'The resulting material could be hardened
by heating at 80"C. Goldsmith and Neuss” added definite quantitics
of acids up to 4 per cent of the urea during condensation. They found
that addition of acid-condensing agents reduced the proportion of
formaldehyde necessary for the reaction. Mittasch and Raustetter!* in
1921 proposed the use of mineral acids and acid salts as condensing
agents. They also suggested the use of organic salts. They followed
this up by the discovery that rigid control of the acidity resulted in
improved products. So they proposed the use of buffer mixtures such
as citric acid and sodium citric and acetic acid and sodium acetate to
keep the pH value constant. One example was to make a concentrated
solution containing 6 parts of urea, o-11 parts mono sodium phosphate,
and 004 parts disodium phosphate. This was added to 25 parts of
boiling 30 per cent formaldehyde. It was evaporated in vacuum below
50° C. to form a syrup which contained 15 per cent water. The result
was a stable material which could be cast and if heated at 65° C. for
two days gave a clear, transparent product.

Pollak? in 1921 used an alkaline condensing agent such as ammonia
pyridine or hexamethylenetetramine. For example, one mol urea with
three mols formaldehyde could be evaporated to a syrup at 75° C. to
give a fusible insoluble resin. Pollak brought out the first commercial
urea moulding powders known as “Pollopas” in 1923.

According to Hodgkin and Hovey,? the outstanding obstacle against
the use of urea-formaldehyde resins for surface coatings is the
lack of stability. After standing for the short period of two weeks,
most urea-formaldehyde resins solutions give white precipitates or
gels. In moulding compositions this is not so important nor so
evident since it does not unduly affect the flow conditions at high
temperatures.

Chemistry of Urea Resins. The following is a summary of the
chemistry of the urea-formaldehyde resins formed in aqueous medium,
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(1) One mol urea and one mol formaldehyde in the presence of
hydroxyl ions form monomethylol urea (Einhorn and Ham-

berger).
NH, NH.CH,0!
1T CHO + (I‘() —— (l‘() -+ H,0
1im2 111112
Urea Monomethylurea

(2) When excess formaldehyde is present, e.g. 1 mol urea and
two mols formaldehyde, then dimethylol-urea is formed.

NH, H.CHO NH.CH,OH

I |

Co -+ e CO + 2H,0
I |

NH, H.CHO NH.CH,OH

dimethylolurea

(3) When dilute acid is present then methylene urea is formed

(Holzer).
NH, NH,
(I,‘() + ——> Cl‘O + H.0
IlIH._, H.CHO 1\|J—CM2

methylene urea

These reactions are fairly well defined and there is no controversy
about them. But as to what happens thereafter, there is no fully
accepted explanation as yet.

The facts are that gelation occurs and a thermosetting action takes
place. According to accepted ideas their behaviour is invariably
associated with the growth of a three-dimensional structure. Apart
from this there is very little positive evidence about the structure of
urea resins.

According to Hodgkin and Hovey there are two possible mechanisms
for the formation of this three-dimension structure with excess of
formaldehyde present

(a) Condensation through dimethylolurea proposed by Walter and
Gewing.2!

(b) Polymerisation through dimethylene urea proposed by Scheib-
ler?® and Redfarn'é respectively.
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Dimethylene urea does not appear to have been prepared. Redfarn!?
who has been active in this field, at one time favoured the possibility
of a straight linear chain being formed by polymerisation of dimethylene
urea. Although an attractive possibility such a chain would not account
for the setting characteristics.

CH, CH, ...—CH, CH,~CH, CH,-CH, CHy—...
—_—
IHF—CO—II\'I . —111———CO—1I\I—--——II\I—«C()—~~111——~N-CO ~N—

From either the methylol urea or the methylene urea compound the
resulting condensation product is dependent upon the following con-
ditions:

(a) The catalyst employed and the pH of the solution;
(b) The molecular ratio of the reacting components, and
(¢) The time and temperature of the reaction.

The setting behaviour of these resins may be profoundly molified by
suitable conditions. Salts of weak acids, having an alkaline reaction
tend to halt the reaction. On the other hand, salts of strong acids, such
as nitrates, sulphates and chlorides, accelerate it. By use of such
materials it is possible to hasten the setting profoundly, as in the
case of rapid-setting cements.

The Preparation of Urea-Formaldehyde Resins. The actual
urea-formaldehyde resin is not prepared and isolated as in the case of
phenol-formaldehyde resins. The resins are prepared cither as aqueous
dispersions or as solutions in other media or as moulding powders.
The latter is the most widely known form.
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Urea-formaldehyde moulding powders are prepared in two steps.
One molecule of urea to two molecules formaldehyde are the theoretical
proportions required to make a thermosetting material. In order to
avoid moulding difficulties usually 15 to 16 molecules of formal-
dehydec are used. There is little effect on the setting behaviour. If more
formaldehyde is present there are two disadvantages:

(a) Gases are given off during subsequent moulding, tending to
form blisters, etc. .
(b) The water absorption of mouldings, etc., is higher.

Fig. 6. A unit for manufacturing urea-formaldehyde syrups?®

The First Stage. Neutralised formalin, urea and a small amount of
ammonia are allowed to stand in the cold for about two hours. After
this time a transparent solution is obtained containing 6o per cent
resin. The liquor is mixed with about one-third of its weight of
cellulose, which acts as a filler. The cellulose is used normally either
as pure alpha-cellulose, as cotton linters, as wood pulp, or as wood
flour. The filler is mixed with the solution at about 50° C. in an
internal mixer,

A damp, pulpy mixture is obtained, which is spread in trays. These
are dried below go° C. At this stage a small amount of zinc stearate,
the requisite colouring material, and 1 per cent of a solid acid is added
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to the mixture which is then ground in a ball mill. Zinc stearate is
intended to act as a mould lubricant; the solid acid acts as a hardening
catalyst.

The Second Stage. 'This stage of the process occurs under the
influence of heat during the moulding process. The acid catalyst reacts
with the urea-formaldehyde resins and accelerates its conversion to
the hardened insoluble condition.

Significance of Cellulose as Filler. In the case of aminoplastics,
much paper filler is employed in preference to wood flour. It is used

Fig. 77. Mixing urea-formaldehyde syrup and paper for moulding powder base??

in the form of pulp or alpha-cellulose sheet, being impregnated with
the aminoresin as an aqueous syrup. The process is operated hot, the
syrup being introduced under vacuum and forced to penetrate the
filler by applying a pressure of 5 to 10 atmospheres. The dried material
is then ground, after which pigments, etc., are incorporated as already
described.

The preference for cellulose in the form of cotton or paper for
these resins rather than using the cheaper and rather less-pure wood
flour, is accounted for by the fact that in some obscure manner com-
bination occurs between urea resins and cellulose. As a result, the
product is translucent, and wherever this property is required paper
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filling is advantageous. In this respect, the behaviour is in sharp
contrast to that occurring with phenolic resins. The translucency is
aided by the vacuum-pressure impregnation process. Small quantities
of mineral fillers may be added during the impregnation process in
order to form the basis for the preparation of moulding powders in
light pastel shades. Fillers used include the white pigments, such as
lithopone or titanium oxide.

Fig. 78. Ball mills for the manufacture of urea-formaldehyde moulding powders*?

For highly-filled moulding powders, the cellulose-urea resin mixture
can be mechanically mixed with further cellulose, either wood flour or
paper, to yield moulding powders with as much as 85 per cent cellulose
filling. The use of cellulose as filler enhances the stability and ageing
characteristics. It also eliminates the tendency towards crazing which is
an outstanding defect of unfilled transparent urea-formaldehyde resin.

According to one patent?, urea and formaldehyde are best mixed in
the molecular proportions of about 1 : 1-5 under alkaline conditions in
the cold. Cellulose fillers are incorporated with this alkaline resin and
the mix is dried in 8 hours at go° without causing the resin to react
to the hardened condition. In one example 40 parts of formalin (36 per
cent by weight) are heated gently in a glass-lined jacketed vessel and
o-2 per cent B.P. magnesium carbonate added. There is a slight degree
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of acidity which is neutralised by stirring for 2 hours. One part of
0-880 ammonia and 22 parts of urea are then added and the temperature
allowed to reach only 20°. After a further 2 hours the temperature
reaches 35° and the resin syrup has been formed.

Fig. 79. Moulding beakers??

Then 10 parts of the syrup are mixed at 40-50° for half an hour with
3 to 4 parts of disintegrated wood pulp of 10 per cent moisture content.
The charge is dried at go° for 8 hours and ground in a water-cooled
ball mill with } per cent of mould lubricant (such as zinc stearate) and
1 per cent of a plasticiser; next, the powder is ground with 1 per cent
of cinnamic acid.
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Cinnamic acid has a melting point of 133° C. which would therefore
only become active near the moulding temperature of the resin. This
acid is not soluble to any marked extent so that it does not tend to
dissolve in the water present in the resin, which would tend to cause
incipient curing during storage.

According to Redfarn,'® “ideally what is required is an inert substance
which, when mixed with the powdered, dried, resin-filler material, has

Fig. 8o. Moulding Torch Cases?*

no action or solubility in the cold. At moulding temperatures the inert
substance should liberate acid which should dissolve in the resin and
catalyse the hardening.” '

The method employed by Imperial Chemical Industries, Ltd.,!! has
been described as:

Urea and formaldehyde are heated for 24 to 34 hours at pH 7:5-8.
306 parts of aqueous resin syrup is mixed with 174 parts of paper
pulp, and dried in a rotary drier to 1-2 per cent free moisture. o-2 per
cent zinc stearate and o1 per cent cyclohexanol stearate are added to
act as lubricants, and 1-0 per cent tri-ethyl phosphate as hardening
catalyst. The addition of 1 per cent ammonium carbonate is recom-
mended as stabiliser.

Another method described by Bakelite, Ltd.,! employs urea and for-
malin in the molecular ratios 1 : 1-5 (21 parts urea: 40 parts formalin) are
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heated to 80°C. in the presence of a small amount of ammonia (2:49
parts of 0910 s.g.) or ethylene diamine (1 part) for 20 minutes and then
cooled; go c.c. of N. hydrochloric acid added. The liquor is vacuum-
distilled until half of the water is removed. The liquor is kept alkaline
at pH of 8. It is mixed with 16 parts wood flour, lubricants, plasticisers,
and colouring materials, and dried in a vacuum drier at 70° C. The

Fig. 81. Thermos bottle container with nesting cups made from
Urea-Formaldehyde Resins?®?

material is treated on hot mixing rolls and is then disintegrated to give
moulding powder.

In addition to urea, other derivatives such as thiourea and guanidine
behave in a similar manner, and are fairly widely used for special
purposes.

Urea Moulding Materials. The manufacture of urea moulding
powders is admirably illustrated by the details available regarding
production at the Dynamit A.G., at Troisdorf.

Three types of urea moulding material were made. These are
Pollopas Normal, Pollopas Universal, and Pollopas Special.
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Pollopas Normal

300 kg. formaldehyde (30 per cent) neutralised to pH 7 with NaOH
go kg. urea (Pure A for lighter colours)
40 kg. thiourea
45 kg. NH,OH (o-go specific gravity)
o-03 kg. MgCO,

A jacketed stainless steel or enamelled iron still fitted with a stirrer
is used. The mixture is condensed at 40°—45"C. for 30 minutes. The
pH of the mixture after condensation should be 7-0. If this is not
correct it is adjusted with magnesium carbonate, but the batch is put
on one side and gradually worked away. The syrup is filtered through
a cloth bag into a stainless steel internal mixer. Here it is mixed with
105 kg. sulphite cellulose (this contains about 85-88 per cent a—cellulose,
and usually 10-12 per cent water). The cellulose is in sheet form and
is added in sheets, the workman simply breaking up the sheet and
putting it in the mixer. When all the sheet has been added o935 kg.
zinc stearate and o1 kg. MgCO, is added as stabiliser. The mixture
is kept in the kneader for two hours at 45°-50°C. It is transferred to a
mixer which breaks up any lumps.

The final process is carried out in ball mills. All mills above 1,000
litres capacity are water-cooled so that the temperature does not rise
above 25°C. The charge of balls is 1,000 kg. porcelain balls to 1,200 kg.
Pollopas. The balls are 70 mm. in diameter; o-3 per cent zinc stearate
is added, and the milling time is 60-100 hours. After addition of dyes,
grinding is continued for seven hours, depending on the shade being
made. For white materials only lithopone is used because titanium
oxide causes the final material to turn yellow.

Another grade, known as Pollopas Universal, is made along similar
lines:

300 kg. formaldehyde (necutralised)
120 kg. urea (pure for light colours and translucent grades)
54 kg. NH,OH (0-90)

o1 kg. Zn

This is condensed for 20 minutes at 40°-45° C.—the pH is 6-2. Then
1'5 kg. hexa is added and refluxed for 10 minutes at 40°-45°C.—pH
should be 7—if it is not 7 it should be adjusted by addition of more
hexa, ZnO or MgCO,. This is most important since an acid hardener
is used. The process thereafter is the same as before. The resin solution
is filtered to the mixer and 105 kg. cellulose and o-5 kg. zinc stearate
are added. After mixing for 2 hours the material is dried for 24 hours..
The drying must be carefully done, as the flow properties are controlled
by drying time. The material is ball-milled for six hours, during which
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flow properties are also tested. Then o-8 per cent dichlorhydrin
(CH,Cl—CHOH---CH,(l) is added. This hardener is excellent, but
must not be used for materials intended for use with hot liquids. 'The
dichlorhydrin is neutralised to brom-thymol blue with N/2 NaOH.
Where mouldings are to be used hot liquids ZnSOy is used (1-5 per
cent). This is more difficult to disperse, so it is finely ground and
sieved in. It does not cure so rapidly as dichlorhydrin. Storage life of
this moulding powder is 6 months.

Another moulding powder, Pollopas Special, is made in the same way:

300 kg. formalin (30 per cent) (neutralise )
110 kg. urea, technical only because this material is only used pigmented
20 kg. thiourea
45 kg. NH,OH (0-90)
o-03 kg. MgCO,

"T'his is condensed in exactly the same manner as Pollopas Normal,
The pH at the end of condensation should be 7-0. "T'he syrup is filtered
and mixed with 105 kg. cellulose, 0-g zinc stearate, and o'1 kg. MgCO.,
‘I'he lubricants are added in the mill itself.

This is kneaded at 45°-50°C. for 2 hours and thereafter ball-milled.

The Properties of Urea Resins. Urea resins have a number
of excellent characteristics. They are resistant to oxidation, to oil,
grease, weak alkalis, weak acids, alcohol, and other solvents. They are
very hard, resist abrasion and scratching, and possess high tensile
strength. 'The resin flows under heat and pressure and then sets, a
process which can be brought about quite rapidly. The moulded
products are inert, have no taste and smell, and are consequently
popular for domestic uses.

There is a complete colour range available, and the translucent
materials in particular are widely used as lamp-shades and reflectors.
Urea resins have excellent insulating characteristics, in particular they
are non-tracking; this contrasts favourably with the phenol-formalde-
hyde resins. They are not so heat-resistant as the phenol-formaldehyde
mouldings.

The moulding powders are generally moulded at much lower tem-
peratures than phenol-formaldehyde resins, for example, between
140°C. to 155°C. Pellets are very extensively employed. However,
because the moulding powders do not flow so well the pressures are
much higher, ranging from 14 tons to 3 tons per sq. inch. The time
of cure is dependent upon the size and thickness of the moulding,
ranging from 30 seconds to 12 minutes. Urea-formaldehyde resins char
when they are overcured. They are corrosive, especially at high
temperature. It is therefore desirable to use chromium-plated moulds.

15
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Urea resins are never moulded in the same moulds as are used for
phenolic resins because the moulds are poisoned.

The degree of cure of urea-formaldehyde mouldings is assessed by
the behaviour in boiling water. Fully cured articles should not become
chalky in appearance before 15 minutes immersion. When overcured
‘they tend to discolour and darken.

Probably the best known mouldings made with urea-formaldehyde
resins are for tableware. Cups, saucers, plates, etc., are made on the
largest possible scale. They are attractive, light, and completely free
from odour or taste.

These resins are favoured for electrical housings and electrical
mouldings generally. They are far superior to phenolic mouldings
because of the higher resistance to tracking. Another big outlet is the
use as translucent lighting fixtures. We have become aware of them in
this country, particularly for applications including tableware, bottle-
caps, control knobs, cosmetic containers, etc.

Outstanding applications of urea resins, apart from moulding powder,
are their use for coatings, their use as bonding agents, adhesives gener-
ally, and their use in the treatment of textiles.

The Application of Solutions of Urea Resins. The reaction
between urea and formaldehyde can readily be stopped at various stages
of resin formation. Thus it may be prepared as a colourless liquid; as a
water-soluble product; in an intermediate rubbery condition, insoluble
in water; or as a solid infusible insoluble material.

The initial solution is widely used as an impregnating medium for
materials such as paper, cardboard, cloth, asbestos, etc. Such materials
may be built into sheets, rods and tubes and applied together by heat and
pressure. Alternatively, impregnated materials can be shaped and set.

Fillers can easily be incorporated in this fluid, the nature of the filler
depending on the requirements. Thus cellulose or wood flour are the
normal ingredients for moulding purposes, conferring flexibility and
strength; mineral fillers such as clay, talc, whiting may be added;
asbestos may be incorporated to make fire-resisting materials; and so on.

The behaviour of the resin solution can be controlled by the addition
of various ingredients. Hardening can be accelerated or retarded. In
general the addition of acids or compound showing acid reaction
hastens setting. Usually weak acids or acid salts are used, e.g. tartaric
acid, citric acid, ammonium chloride, etc. On the other hand, alkaline
salts tend to retard the reaction. The application of these principles
make it possible to add hardeners to obtain quick-setting cements, a
technique which is very widely practised. ’

Aqueous solutions of urea resins are used for stiffening fabrics, hats,
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paper and so on, the usual procedure being to dry at 100°C. for a
quarter of an hour and then press the final product.
A typical adhesive or laminating resin may be prepared as follows:
One part of barium hydroxide is dissolved in 160 parts of 30 to 40
per cent formaldehyde solution; 120 parts of thiourea are stirred in.
A temperature fall is observed due to the negative heat of solution,
followed by a rise due to chemical reaction. With initial temperature

Fig. 82. Typical urea-formaldehyde mouldings

of 20°C. for the solutions the rise may be to 40°C., and cooling is
required to maintain 40°C. maximum. A clear solution results when the
reaction is complete, after about two hours. The solution keeps well,
although it tends to develop slight acidity. This may be counteracted
by the addition of 2 parts of 0-880 ammonia. Further, the solution
can be held nearly neutral by saturating with carbon dioxide. This
precipitates barium carbonate, which may be separated and forms
ammonium carbonate, which acts as a buffer against increase in acidity.

Application of Urea Resins to Textiles. Synthetic resins of the
urea type are being used on a large scale in the treatment of textiles.
The United States in 1947 used more than 8,000 tons for these purpores.
The pioneers in this field were Tootal, Broadhurst and Lee, Ltd. By
the use of the resins fabric may be modified in many ways. They
improve resilience of rayon, the stability of cotton, the lustre of cotton,
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and the handle of many fabrics. They improve tensile strength, enhance
wearing properties, increase elasticity, and serviceability, and soon. 'They
improve resistance to creasing and reduce the tendency for shrinkage.

According to Powers:1® “In tracing the development of synthetic
resins for textile finishing, a great deal of credit goes to the Tootal,
Broadhurst and Lee Company of Manchester, Iingland, for the pioneer
work in applying phenol-formaldehyde and urea-formaldehyde resins to
cotton fabrics. They showed that unpolymerised urea-formaldehyde
and phenol-formaldehyde resins could be impregnated and squeezed

Fig. 83. Some domestic articles made in urea-formaldehyde moulding
powder

into the core of cotton and linen fabrics and, when polymerised in this
position, produced fabrics with tremendously improved resilience.
‘They further showed that if the surface or coating resin could be
removed before it was polymerised, the resulting fabric was not
stiffened and retained all of its initial suppleness, fullness, and drape.
Millions of yards of fabrics containing 10 to 15 per cent of urea-
formaldehyde resin are on the market to-day. In no case does the
fabric or fibre show any evidence of resin coating, and the treated
fabric is as soft as, and occasionally softer than, the untreated and less
attractive type.”

These resins are widely used for treating fabrics and manipulating
them. The methods have the charm of great simplicity. A typical
solution is made up in the following manner:

A urea resin is prepared from 50 grams of urea and 200 c.c. of 40 per
cent formaldehyde solution, which are boiled together for three minutes
and then cooled; 4 c.c. of 33 per cent aqueous tartaric acid solution are
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added, and boiling continued for ten to fifteen minutes. The mixture
is diluted with half its volume of water.

This solution is used to treat the fabric. Excess solution is squeezed
out and the material is dried at 80° C. The material may then be shaped
to any desired form and set by heating for a minute or two at 140°C.

An alternative resin for fabric treatment may be prepared from
50 grams of urea, 100 c.c. of formaldehyde, and 45 grams of 0-880
ammonia. These are boiled together for three minutes, followed by
cooling and addition of 3 c.c. of 33 per cent tartaric acid solution, finally
diluting with an equal volume of water.

Urea-Formaldehyde Adhesives. Theoutstanding field of applica-
tion of urca resins at the present time is for adhesives. Expansion in
the use of urea resin adhesives has been quite remarkable. In Germany
the output of urea adhesives was stated to be 50,000 tons per year at
the peak. In great Britain the leading firm alone produced 4,150 tons
in 1945. American production in 1947 was over 20,000 tons! The resins
can be used either cold or by hot-pressing methods. They are resistant
to moisture, are unaffected by bacteria, fungi, high temperature and cor-
rosive action. They have many advantages over other glues. 'T'he
thermosetting characteristics are extremely valuable since they facilitate
mass production use of the adhesives. They are particularly widely used
for plywood manufacture. Their great importance lies in such fields
as aircraft construction, boat-building, house construction, etc.

Urea-formaldehyde resins as adhesives are usually applied in the
form of a concentrated aqueous solution, or syrup. A hardening agent,
an acid or a salt, must be added which rapidly accelerates the setting.
The most widely used hardening agent is ammonium chloride.
Such materials are sometimes used without being diluted, where
exceptional water-resistant joints are required. However, it is usual
to extend the solution with a quantity of filler. For example, for
ordinary plywood, where the flat surfaces will be brought into close
contact, rye flour or a starch is used as filler. The proportion may vary
between 5 per cent up to 300 per cent of the urea-formaldehyde resin.
‘The ability to extend or load these resin adhesives has an important
bearing on the cost.

In those cases where relatively thick layers of glue are necessary,
often referred to as gap joints, specially loaded mixtures are employed.
Fillers may include wood flour, plaster of Paris, silica, ground Bakelite,
and so on. These have the effect of reducing shrinkage to a2 minimum
and delaying any cracking. They also have the advantage of reducing
the fluidity of the resin during pressing so that there is no undue
penetration.
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There are ready-mixed urea adhesives in powder form readily
available at the present time. "I'he only drawback is their inability to
withstand storage over long periods, especially in unsuitable circum-
stances. The powder is dissolved in water and is ready for use.

The first urea resin adhesive was Kaurit Glue W. This material, a
urea-formaldehyde liquid glue, was introduced by the I.G. Farben-
industrie about 1933, and it quickly acquired great popularity. 'I'his

Fig. 84. A typical lamp reflector made from urca-formaldehyde

success was due to the fact that besides being well adapted to hot-

pressing technique it could also be used at moderate temperature or

even for cold setting work. In this country this was followed by Beetle

Cement W.2 There are now a number of proprietary materials.
Kaurit W was made in the following manner:®4

1 mol. urea
2 mols 30 per cent formaldehyde

were reacted together to form a 36 per cent resin solution, which was
concentrated by heating at 65°C. in vacuo.

8-10 per cent rye or potato flour

was added, giving a mixture comprising

55 per cent resin
10 per cent flour
35 per cent water
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‘This was brought to pH 7-0 with sodium hydroxide. By spray drying
to moisture content of 2--3-5 per cent Kaurit W powder was obtained.

Methods of Use

The adhesives are always used in conjunction with a ‘“‘hardener,”
which is either mixed with the glue just prior to use or applied to one
of the surfaces to be joined, the adhesive being applied to the other sur-
face. The function of the hardener is to bring about a chemical and
physical change in the adhesive leading first to its gelatinisation and
finally to setting. The hardener is usually a weak acid. The stronger the
acid the more rapid will be the setting action.

Different hardeners are used according to the conditions available.
In relation to plywood production, most requirements fall into the
following categories:

1. Steam-heated presses operating at temperatures above go° C.
2. Hot-water veneering presses operating at about 50° to 70°C.
3. Cold-pressing.

4. Oven heating for low-pressure laminating work.

'The mixture of glue and hardencr is applied thinly and evenly to
alternate surfaces of the veneers comprising the plywood assembly.
Spreading machines with finely-grooved metal or rubber rollers are
generally used. The glue mixture may be applied to both sides of the
centre-ply for three-ply work, or the two surface veneers may be
spread each on one side only and an uncoated centre-ply interposed
in assembly.

In the case of Kaurit Glues for hot press work, typical hardeners had
the following composition:

1. Ammonia (25 per cent) . . . 27 parts
Urea . . . . . - 45 parts
Ammonium chloride . . . 8 parts
Water (boiling) . . . . 19'6 parts
Methy! cellulose 57 ) "
Water 95 f '3 parts

I'en parts of this hardener with 100 parts Kaurit W had a pot life of
20 hours.

2. A faster hardener was as follows:

Ammonia (25 per cent) . . 20
Urea . . . . . 30
Ammonium chloride . . . I§
Water (boiling) . . . . 332

Methyl cellulose §
Water 95
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A typical formulation using this hardener was:

Hardener . . . . . 20
Kaurit W . . . . . 100
Potato flour . . . . . 20
Wood flour . . . . . 8
Water . . . . . 100

Pressing times depend on the temperature and on the hardener
selected. Pressure required may be as low as 40 Ib. per sq. inch or up
to 200 lb. per sq. inch, according to the plant available.

'The ordinary hardeners give plywood with very good resistance to
cold water, and samples of plywood have been kept for years exposed
to the weather without any delamination or failure of the glue layer.

The use of urea resin adhesives in plywood manufacture has been
greatly expanded because it can be extended with other materials. For
many purposes there is no need for a cement which is fully waterproof,
and in such cases the resin syrup is extended with rye flour. This
reduces costs appreciably, whilst still giving a glue line of excellent
strength. The water resistance of such joints is not so high as that of
those made with the pure cement, but is better than is obtained with
many other adhesives.

Liquid urea adhesives tend to become viscous after long standing.
Consequently other types have been developed. Urea resins in the
form of powder are available. The dry powder may be kept for over
a year provided that it is kept cool, and it only requires to be mixed
with the appropriate quantity of cold water to regenerate a liquid glue
having all the desirable properties of the resin syrup. The liquid glue
thus formed is used with hardeners, exactly as before. There arc a
number of other excellent proprietary types of urea-formaldehyde
adhesives available at the present time.

The principal technical advantages of urea resin adhesives in the
manufacture of plywood are:

1. Low pressure and low temperature pressing conditions enable
many ordinary veneering presses to be used in the production
of high-quality plywood.

2. Ordinary air-dried veneers are being used with complete
success, irrespective of slight differences of 1 or 2 per cent
moisture content. Urea resin adhesives are initially water
soluble, therefore strict control of moisture is not necessary.

3. Owing to the lower temperatures and pressures employed, urea
resin bonded plywood suffers little “burnishing” or ‘“‘case-
hardening” of the surface veneers. Consequently it is easy to
glue in subsequent operations and does not require sanding to
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open up the surface. This is of considerable importance in
aircraft construction.

It is interesting to consider procedure in connection with plywood
manufacture. When using the cold process a typical procedure is for one
side of the joint to be coated with the appropriate hardener and allowed
to dry. The other joint face is then coated with a very thin film of
the cement, and after a period of about 15 minutes the two joint
faces are brought into contact and clamped together by any suitable
mechanical means (e.g. “G” clamps). Pressure is maintained for 2 to
24 hours, depending upon the hardener used.

When the hardener is mixed into the resin then the mixture has a
very limited pot life.

TABLE 55
Por 1IFE oF UrtkA RESINS AT DIFFERENT TEMPERATURES
Temperature Slow Hardencr Fast Hardener
15°C. 12 hours 6 hours
20°C. 6 2y,
25°C. 2}, 1 ’

Three pounds of urea glue per 100 sq. ft. is usually sufficient. About
11b. of hardener isrequired, and the time for drying is generally about half
an hour. T'oo much glue results in longer drying periods being required.

In the hot process, the hardener is actually mixed with the cement
before being applied to the joint. The hot process is recommended
where it is essential that the joint should be waterproof. The joints
obtained by the hot process will withstand even boiling water for long
periods. Cold process joints will withstand water at ordinary tempera-
tures almost indefinitely. There are two leading types of hardener
supplied, one for use when the joints must be waterproof, and one for
joints which will even be resistant against boiling water.

To give maximum water resistance, the Germans used a special
hardener comprising:

Resorcinol . . . . . 9o parts

Ammonium chloride . . . 10 parts
Depending on water resistance required, 10-25 of this powder is used
with 100 parts Kaurit W liquid.

"I'he method of using urea glues with the hot process is as follows:

(1) The hardener is mixed thoroughly with the cement. The
mixture can then be kept for 30 hours at room temperature.

(2) The mixture is applied thinly to the joint faces which have
previously been roughened with sandpaper; 24 1b. of mixture
is usually sufficient for 100 sq. feet.



234 MODERN PLASTICS

(3) Pressing is carried out at a pressure of some 30 Ib./sq. in. at
a temperature of go~-100°C. The basic times in the press are
5 minutes with the hardener for waterproof joints and 8 minutes
for the hardener designed to give maximum water resistance.
One minute per millimetre of board thickness must be added
to these basic times.

Urea resin films are not continuous but of porous structure. 'This is
due to the fact that they are deposited by evaporation of water. De
Bruyne? has utilised this fact in an ingenious manner. In general, far
more adhesive is used than is really necessary. He therefore prepared
urea adhesives as a foam.

Ordinarily urea resin adhesives have some disadvantages. 'T'hus urea
adhesives cannot be used for very thin plywood because thin veneers
of wood are severely swelled by the water present, they tend to buckle
and the resin penetrates too far when pressure is applied. Foam glues
overcome this difficulty. This Aerolite foam glue has all the good
properties of liquid resins but is much cheaper.

T'he idea behind this process is that, provided penetration of the glue
into the veneers is obviated, only a very thin film of glue is needed to
make good joints, and the amount of glue applied by any ordinary
means (glue spreaders or brushes) is in excess of the optimum amount.
By using the glue in the form of a foam of about the same consistency
as the lather produced from shaving-soap, an extremely thin, uniform
spread is obtained although the glue layer has an appreciable thickness.
Actually the volume of the glue is about doubled by a special beater
machine before it is poured into the glue spreader. Under ordinary
factory conditions, without taking any special precautions, it is possible
to get a spread of 1-35 Ib. of glue per 100 square feet.

Details are available about the foam glue used in Germany.?* A special
foam-forming hardener was added to Kaurit glue. The hardener was:

Ammonium bicarbonate . . 60 parts
Ammonium chloride . . . 225 parts
Wood flour . . . . . 173 parts
Colour . . . .. o2part

"T'hese were mixed together as fine, dry powders. The glue mixture to
be foamed comprised:

Kaurit W liquid . . . . 1,000 parts
Foam hardener . . . . 120 parts
Casein . . . . . 9 parts
Wood flour . . . . . 15 parts
Potato starch . . . . 60 parts

Water . . S . . 600 parts
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The casein and hardener are mixed together with 400 parts boiling
water. 'The other ingredients are mixed together cold and added. When
foamed, the volume is 25 to 3 times the volume of liquid.

Because of the nature of the foam it can be used with thin
veneers without producing excessive wrinkling or causing overlap in
the cores. The foam is allowed to dry on the veneers after it has come
through the rollers of the glue spreader. 1t does this very quickly and,

Fig 85 T'ypical urea-formaldehyde mouldings??

in fact, the film of foam will be found to be dry by the time that the
veneers have been assembled for pressing.

The press temperature required is 9o°C., so that steam-heated
presses are unnecessary and the older type of press so common in this
country with hot-water heating can be used. 'The use of pressing
temperatures below 100° C. obviates any risk of overheating of the
wood with its attendant troubles.

Cold Setting Glues. Latterly, cold-setting urea resins cements
have gained wide usage. These are generally liquid resins which may
be used in conjunction with a hardener in the cold, and which set
comparatively rapidly. They are often used with fillers to fill up
interstices and so on.

The German hardener for cold-setting work had this composition:

Ammonium chloride . . . 99-g parts
Dyestuff . . . . . o1 part
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A yellow was used for furniture, red for most other applications.

Cold Hardener A . . . .15 parts
Water . . . . . . 78 parts
Alcohol . . . . . 6 parts

This hardener is applied to one side of the veneer and allowed to dry
at ordinary temperature. The other side is coated with Kaurit W, and
they are then pressed together. Setting takes 3 hours at 20°C., 10 hours
at 15°C., and 24 hours at 10°C.

It is interesting to observe that ammonium salts predominate as
hardening agents, notably ammonium chloride and ammonium thio-
cyanate. Among other salts, ammonium sulphate has been proposed
by Dearing for incorporating into ready-mixed powder adhesives to
give particularly good storing properties.

The Use of Urea Resins in Coatings. Urea resins have acquired
great popularity for making lacquers and varnishes in recent years.
They are used in very large quantities. Perhaps the most important
point about this application is the fact that they are miscible with the
alkyd resins, which are notably improved by their presence. 'Their use
15 closely bound up with alkyd resins. 'T'he resins ordinarily prepared
in aqueous media are not found to be suitable for use in preparing
these coating materials. It is found necessary to prepare the urca
formaldehyde resins in the presence of alcohols. When this is done a
number of alcoholic groupings appear to be formed in the resin which
enables it to dissolve in many organic solvents. They also make it
compatible with other resins. For such uses the resin is supplied in
alcoholic solution as a viscous liquid. In this condition the resins are
still reactive and thermosetting. The conversion to the infusible
insoluble state is carried out by baking, the solvent being previously
removed.

The reaction is considered to occur along the lines shown in the
diagram on the opposite page.

These then react to form soluble resins.

In the synthesis of these urea resins intended for coatings, certain
important factors are outstanding. These may be summarised as follows:

(a) Molecular proportions of reactants,
(b) Reaction temperature and times,
(¢) Nature and amount of catalyst,

(d) The type of reacting alcohol, etc.

A great deal of work has been carried out in this field of activity.
The action of typical alcohols is of great interest. It has been shown, for
example, that with aliphatic alcohols, as the chain length increases so the
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solubility in hydrocarbons increases. Other characteristics are also
affected. At the same time they become more compatible with tung oil
and alkyd resins. 'The final film takes longer to cure, and is not so hard,
but has better resistance to alkali.

NH—CH,0OH

NH, |
| I
cO | 2ICHO — - . CO
| |
NH, NH---CH,OH
dimethylol urea
2 molecules of dimethylol urea
S S
NH-- CH, ——~ N- CH,OH
I l
CO cO -+ 2H,0
l |
NH—-CH,OH  NII- CH,OH
NH- CH,OH NH—CH,O0H
CO + MOH — —= CcoO -4 H,0
An Aleohol
NH- - CI1,0H NH—CH,0M

At the present time the best combinations of properties have been
obtained by the use of normal butyl alcohol, primary octyl alcohol, and
secondary octyl alcohol. Polyhydric alcohols, such as glycerol, have not
given very satisfactory results.

The behaviour of the alcohol groups during the reactions is not quite
clear. Some are lost in the baking, others are retained.

Straight urea coatings are not particularly satisfactory, tending to be
brittle and having poor adhesion. The best characteristics of urea resins
for coatings are brought out by using them together with alkyd resins.
In the usual way equal proportions of each type of resin are employed.
The resulting films bring out the best characteristics of each type of
resin. The outstanding adhesion, flexibility, and durability of the alkyd
resin is supplemented by the hardness, the speed of setting and the heat
stability of the urea resin.
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Another outstanding feature of the urea-alkyd resin lacquers is the
fact that the baking schedule can be carried out at very low tempera-
tures for a short time. Colours are not affected, so that the lightest
pastel shades can be attained.

The use of such resins in baking enamels has acquired great im-
portance as baking enamels. Since there is no darkening, they are
available as excellent pastel shades, and even in white. 'This type of

Fig. 86. IL.amp accessorics moulded from urca-formaldehyde powders

enamel is employed for many widely-used products such as refrigera-
tors, hospital equipment, metal furniture, industrial equipment and
hardware.

In many cases the baking process now used is based on infra-red
radiation, which has proved to be much more effective and rapid.

Other applications where coatings based on urea resins have been
used are for motor-bodies, cycles, machinery, and indeed all articles
able to stand up to baking temperatures. Many war applications were of
great importance. These resins were widely used for coating shells,
bullets, etc.
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CHAPTER IX
MELAMINE-FORMALDEHYDE RESINS

PHENOL-FORMALDEHYDE resins and urea-formaldehyde resins have for
some time had the field of moulding resins to themselves. During the
last few years a new class of thermosetting synthetic resins has appeared.
These are the melamine- formaldehyde condensation resins, now gener-
ally referred to as the melamine resins. They have a number of valuable
characteristics which assure them of a wide field of application. They
are making notable headway as moulding materials in the United States.
About 17 million pounds melamine resins were used in the U.S. in 1947.

While having many features in common with the urea-formaldehyde
resins, they show superiority in such factors as water resistance, hcat re-
sistance, light resistance, and more rapid setting characteristics. Although
of comparatively recent origin they have already attained some import-
ance. There is a tremendous usage for dishes in the United States.

Melamine resins and plastics based on them have only been commer-
cially available since 1939. Switzerland led the ficld in this develop-
ment, and the work has been carried forward in this country, in Ger-
many,? and in the United States. It is interesting to note the rapidity
with which the actual commercial development came about. An illus-
tration is the fact that in 1938 the chemical, melamine, was valued at
about f10 per lb. Inside twelve months the scale of production had
grown so that the price had dropped to the order of 3/- per Ib.

These resins have acquired popularity in particular for coatings.
They have also specific characteristics which makes them of interest
for moulding, and similar factors have led to their use for lamination,
etc. As the applications have increased, so the cost has come down.
The technique for the preparation of the chemicals involved has been
well developed. As a consequence, melamine is obtained from raw
materials which are in very free supply.

Historical and Chemical Backgrounds. Melamine is not a new
material. It was first discovered by Liebig® in 1834. He heated potas-
sium thiocyanate and ammonium chloride together, and heated the
product with sodium hydroxide for some time to get melamine. The
time was not ripe for any application. In fact, it is only during the last
few years that the material has come out of the laboratory. It was
never previously available in sufficient quantlty and at a cost which
might make it of interest for use in a synthetic resin.

2490
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Melamine is actually obtained from calcium carbide, i.e. from coal
and limestone. It is evident, therefore, that the raw materials for
melamine arc available in very large quantities. In the first place
calcium carbide is converted to calcium cyanamide by heating with
nitrogen from the air. 'This material is widely used as fertiliser since
treatment with water causes it to give off ammonia. It is also em-
ployed in the hardening of steel and for various other less important
purposes. It has been found that calcium cyanamide can easily be
converted into dicyandiamide, which is a grey powder. The dicyan-
diamide is obtained from calcium cyanamide simply by boiling with
water. Dicyandiamide has also found application as a plasticiser.

There are a number of methods for converting this into melamine.
The outstanding method appears to be to heat dicyandiamide with
liquid ammonia under pressure. In due course the ammonia is released
and recycled for further use. Other methods have been developed.

Properties of Melamine. Melamine is a white crystalline com-
pound soluble in water, melting at 354° C. Its molecular weight is
1260. It has a specific gravity of 1-57. When heated strongly it gives off
ammonia and yields a yellow powder. It tends to sublime just before
it melts. According to MclLellan!? the solubility in water is o'5 per cent
at 25° C., and 5-5 per cent at go° C. Melamine is slightly soluble in
alcohol, and quite insoluble in incrt solvents. It is slightly soluble in
glycol and glycerol. It is a weak base.

Melamine may be considered as a polymer of cyanamide. Chemically
it is 2.4.6—triamino—1.3.5—triazine. Cyanamide is CN.NH,;
melamine is (CN.NH,),. Melamine may be considered as the trimer
of cyanamide, CH,N,, of which dicyandiamide is the dimer. These
relations may be shown pictorially by the commonly accepted
structural formulae:

N
_ VAR
N=C NH,—C C—NH,
| | I
N=C NH NH N N
| N N S
NH, C Cl
I
NH, NH,
Cyanamide Dicyandiamide Melamine

Melamine is a comparatively reactive material. It reacts with alde-
hydes, alcohols, sugars and phenol. The outstanding reaction which
has led to the production of synthetic resins is with formaldehyde. It
dissolves readily in formalin when heated, forming methylol-melamines,

16
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which can be separated by evaporation at low temperature. If heating
is continued condensation occurs with the production of a synthetic
resin. Under suitable conditions a water-white synthetic resin is pro-
duced which is soluble in water and alcohol. These resins have gained
importance in the following fields and in this sequence:

(a) as a coating material,

(b) for the impregnation of wood and the preparation of
adhesives for laminated materials,

(¢) for the preparation of new moulding powders.

Preparation of Melamine. Preparation of melamine is usually
carried out on a commercial scale in the presence of anhydrous am-
monia under a pressure of 10 to 100 atmospheres at temperatures
varying from 100°C. to 400°C., In actual practice the reaction is
carried out either by batch or continuous process. Although mela-
mine is usually made under high pressure, it may be prepared at
atmospheric pressure. This has been found possible by employing a
mono- or dialcohol amine as a combined solvent, heat buffer, and
condensation catalyst.

In the processes involving the production of melamine from dicyan-
diamide, varying quantities of other related nitrogenous compounds
are formed.

Most methods for the manufacture of melamine are based on the
conversion of dicyandiamide to melamine. In recent years there has
been an increasing number of patents dealing with this aspect. Accord-
ing to McLellan, melamine is formed when cyanamide is heated at
about 150°C. It is also formed when dicyandiamide is heated above
its melting point of 209°C.

The experimental preparation of melamine may be carried out in
the following way : 300 grms. of dicyandiamide is placed in a 2 litre
beaker. This is carefully heated on a hot plate. The mass begins to
melt, and a vigorous reaction occurs. Copious fumes are given off
which contain ammonia and sublimed melamine. The temperature
may rise as high as 350°C. before the reaction finishes. The contents
of the beaker may be leached out and crystallised. In this way almost
pure melamine is obtained.

Another method .for preparing melamine is to heat dicyandiamide
with concentrated ammonia for three hours at 120°C. when a yield of
about 35 per cent is obtained. The Ciba Company? of Basle obtained
patents for preparing melamine by heating dicyandiamide with
anhydrous ammonia in an autoclave. In one example, 7 kilos dicyan-
diamide and 6 litres methanol were mixed in an autoclave with stirring.
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Ammonia was forced in until the pressure reached 3 atmospheres.
The temperature was taken up 100°C. to 150°C. by 10 degrees each
hour. After 12 hours reaction was completed, the material was filtered
and washed giving a yield of 83 per cent melamine.

The 1.G.% prepared melamine by heating dicyandiamide in an auto-
clave with solutions of ammonia in alcohol or ketones. Jayne? dissolved
dicyandiamide in monoethanolamine. Equal parts were heated in open
vessels. 'The dicyandiamide dissolved and at 140°C. an exothermic

COKE LIMESJTONE AIR

CALCIUM CARBIDE NITROGEN

CALCIUM CYANAMIDE
DICYANDIAMIDE

MELAMINE FORMALDEHYDE

DIGESTER

MELAMINE RESINS
Fig. 87. Flow sheet for melamine resins

reaction commenced, so that the temperature rose to 170°C. After cool-
ing down the mixture was diluted with water and washed thoroughly,
giving a very high yield of pure melamine.

McLellan has summarised his extensive work on the subject as follows:

1. Pyrolysis of anhydrous cyanamide, guanidine salts alone, and
dicyandiamide, in the open or in the presence of solvents at
atmospheric pressure, does not give rise to high yields of
melamine.

2. Heating dicyandiamide and guanidine together, either dry or
in the presence of ammonia, improves the yield or hastens the
reaction or does both.

3. Heating dicyandiamide under pressure in the presence of free
ammonia gives high yields of the desired product.

4. Heating cyanamide and dicyandiamide in equimolecular pro-
portions in an autoclave in the presence of ammonia does not
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greatly enhance the yields or speed of reaction over that nor-
mally obtained with dicyandiamide in ammonia.

5. When dicyandiamide is heated under pressure with free
ammonia, the presence of cyanamide, guanidine, and biguanide
can be demonstrated.

Ammeline and ammelide impurities in the product, being insoluble,
may be removed by recrystallising the melamine from water. Cyanuric
acid salts such as melamine cyanurate, are relatively insoluble; all such
by-products may be re-processed in the reactor with ammonia under
the melamine synthesis conditions, to give additional quantities of
melamine.

In a recent patent Du Pont de Nemours described how to make
melamine by heating urea or related compounds with ammonia at ele-
vated temperatures.® "The preferred reaction conditions include a
temperature range of 300° to 400°C., a pressure of 200 to 450 atmos-
pheres, and a molar ratio of ammonia to urea between 4 : 1 and 20 : 1.
IHowever, with pressures between 600 and 1,000 atmospheres, this
ratio may be less than 4 : 1. A reaction period of 10 minutes is generally
suflicient to give about 6o per cent conversion.

Besides its ability to withstand pressure, the reaction vessel should
be lined with material which is not corroded by the reactants, and which
does not catalyse the decomposition of ammonia. A convenient appara-
tus is a silver-lined bubble-plate column through which ammonia and
urea flow in countercurrent. Molten urea at 140°C. is pumped into the
top of this column, while ammonia is injected at the bottom. A hot let-
down valve, preferably operating at 350°C., permits removal of the non-
gaseous products, while gases are withdrawn from the top of the column.

Melamine is fairly reactive and forms a number of condensation
products. The most important of these are the methylol compounds.
They are obtained when melamine is treated with neutral or slightly
alkaline formaldehyde, or with some substance producing formaldehyde.
Six products are possible from the condensation of these two com-
pounds. The most stable is hexamethylolmelamine, which may be
readily prepared. This compound may be produced by heating mela-
mine with an excess of neutral formaldehyde at 9o°C. Another
method is to allow the melamine to react with neutral formaldehyde
at room temperature over a period of 15 to 18 hours. The product
formed is the same and contains one molecule of water of crystallisation
per molecule of hexamethylolmelamine.’

The methylol compounds of melamine behave in many ways like
complex alcohols. For example, they can be esterified. This is of
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interest to the resin chemist, for there are complex polyhydric alcohols,
which, different from many of the more common alcohols, are resistant
to discoloration at high temperatures. Under favourable conditions
the methylolmelamines can be reacted with polybasic acids to form
complex resinous esters. When such reactions are carried out in the
presence of an oil or fatty acid, resins of the alkyd type are produced.

Resins from Methylolmelamines. Most of the common resins
now available are produced by direct condensation of melamine and
formaldehyde. These condensation products, like those of dimethylol-
urea, may be divided into three classes —water-soluble, hydrocarbon-
soluble, and insoluble. The water-soluble and insoluble condensation
products may be considered as different stages of the same reaction.
The hydrocarbon-soluble types are somewhat different in character.

The reactions resulting in the production of these three classes of
compounds are controlled by four general factors—namely, ratio of
components, catalysts employed, time of reaction and temperature.
By adjusting these conditions the size and complexity of the condensa-
tion unit of the final product can be controlled. Under suitable con-
ditions the methylolmelamines, in common with dimethylolurea, form
three-dimensional heat-convertible resins.

A melamine resin may be prepared by adding 126 parts melamine to
162 parts formaldehyde (37 per cent) which has been adjusted to a
pH of 7-2 to g-0 with the aid of a little caustic soda. The syrup then
obtained, after heating in a reflux apparatus for 1o minutes, is sprayed
at the rate of 10 pounds per minute into a hot-air drier kept under a
two-inch vacuum, the white resin powder being continuously dis-
charged at the same time.

‘These materials are somewhat more complicated than those of
dimethylolurea, but are probably formed by similar mechanisms.
There are two linkages which may exist between molecules of methylol-
melamine under these conditions—the ether linkage and the methylene
linkage.

The following methods for preparing resins suitable for laminating
purposes have been described in a recent patent of the American
Cyanamide Co.' To 480 parts by weight of 73 per cent formaldehyde
solution was added sufficient 2N NaOH to give a pH of 9-55 (using a
glass electrode). To this alkaline formalin, 168 parts by weight of
dicyandiamide and 31-5 parts by weight of melamine were added. The
whole mixture was heated under reflux until boiling started, which
took 14 minutes. At this time the whole mixture was water-clear and
was then kept at the boiling point under reflux for an additional 30
minutes. (The ratios of the components were 1 mol of dicyandiamide
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to 0-125 mol of melamine to 3 mols of formaldehyde). After this
period a viscous syrup was obtained which remained clear on cooling,
but if diluted with water had strongly hydrophobic properties.

Another example given was: Five parts by weight of guanidine car-
bonate were dissolved in 500 parts by weight of 37 per centformaldehyde
solution. The pH was g-22 (with the glass electrode). 140 parts by
weight of dicyandiamide and 55 parts by weight of melamine were added
and dissolved during heating up to the boiling point. The ratio was
1 mol of dicyandiamide to 0-25 mol of melamine to 3-6 mols of formal-
dehyde. The mixture was kept boiling under reflux for 35 minutes to
give a syrupy condensation product.

Another interesting and informative description involving the use of
melamine and dicyanamide has been given in a recent patent specifica-

tion,
420 parts dicyandiamide (1 mol)
158 parts melamine (4 mol)
810 parts 379, formaldehyde (2 mols)
o-24 part sodium hydroxide.

The dicyandiamide and melamine are dissolved in the formaldehyde
solution to which the sodium hydroxide is previously added. 'The
mixture is heated to about 70°C. until a clear, homogeneous solution
is obtained. This water-clear solution having a pH 8-1 (glass electrode)
is allowed to react at 50°C. for 6 hours. The substantially clear solution
of the reaction product is then cooled to room temperature, whereupon
the condensation product becomes a creamy white mass. This creamy
product may be heated and at about 50°C. becomes again a water-clear
solution which again forms the cream upon cooling to room tempera-
ture. If desired, the solution obtained by heating the cream may be
diluted to any degree by the addition of any desired proportion of water
of about the same temperature as the solution. The diluted solution
can be used for impregnation or any other desired purpose. This cream
may be kept over a long period of time during which it may be diluted
with water as described.

In order to determine some of the properties of this cream, it was
diluted with an equal quantity of water and the dilute solution was used
to impregnate sheets of all-cotton paper (-007 in. thick). This was done
by dipping the sheets in the solution and then allowing them to dry at
room temperature (25°C.) for about 36 hours, after which the sheets
were further dried by placing them in a drying oven for about 5 minutes
at 70°C. Five of the drxed sheets so treated were stacked and the stack
placed between stainles$ steel plates, the whole assembly then being
placed in a suitable hydraulic press. The temperature of the press was
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raised to 140°C.—145°C., and pressure kept at 1,125 lb. per sq. inch
for 30 minutes. 'The press was then allowed to cool and there resulted a
homogeneous, translucent laminated sheet having high gloss. A sample
of the laminate sheet showed not the slightest sign of delamination or
disintegration after 30 minutes’ immersion in boiling water. The
laminated sheet contained about 61 per cent resin, was -032 in. in thick-
ness, and after the 30-minute boil was found to have absorbed 7-7 per
cent water.

Applications of Melamine Resins. Unmodified resins find
application as textile and paper coatings and as adhesives. They are
particularly useful in making impregnated paper having high wet
strength. The water-soluble melamine-formaldehyde resins which have
been modified by the addition of such compounds as glycerol, glycols,
or simple sugars, are of considerable commercial importance.

Moulding compounds can be produced by slightly modifying the
conditions. 'T'he finished products are characterised by high softening
point, rapid moulding cycle, and good mechanical strength. They have
the advantages of both phenolic resin and urea resin. These products
can be further modified by the addition of fillers such as a-cellulose,
wood, flour and pigments. A slight change in formulation enables the
production of casting resins of exceptional clarity and water resistance.

Melamine Powders Based on Melamine Resins. In the form of
moulding powders- —that is, combined with alpha-cellulose pulp—a
material is produced similar in appearance to urea moulding powder.
It is moulded in the same manner, and in the moulded form, is almost
identical in appearance. However, the moulded melamine-formalde-
hyde resin is considerably harder, more heat-resistant, shows greater
resistance to dilute acids and alkalis, and has a lower water absorption.
The products are odourless, tasteless, and inert. They withstand hot
water.

Melamine moulding powders may be worked without special
moulds and at moderate temperatures. In addition the cured resin
possesses intrinsic properties of great value which assure it of very wide
fields of application. Melamine resin is supplied in the form of a fine
powder and should be stored in a cool dry place in well-closed con-
tainers, in order that its flow properties may be maintained for a long
period. It should be noted that production of the moulding powder
appears to be confined, for the present, to the United States and
Germany. Melamine materials are not sensitive to hydrogen peroxide,
whereas urea materials are.

Hardened steel dies are required for moulding, but owing to the
fact that the moulding powder is neutral and inert they need not be
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made of corrosion-resisting steel, nor need they be chromium plated.
There is no effect on metallic inserts. 'The usual moulding pressure
should be about 4,000 1b. per square inch. Curing temperatures cover
the wide range from 130-165°C. The most suitable values for tem-
perature and time, particularly in the case of components possessing
varying sections, is best determined by experiment on test pieces in
the usual way. Prolonged over-curing has an adverse effect upon the
mechanical properties.

In working up the new resin, the various devices found of value in
connection with urea and thiourea resin may be applied. Thus, in the
case of tooled thin-walled objects, such as beakers, cups, etc., it is
recommended that the powder, after filling the mould, be warmed for
20-30 minutes at go—-100°C. The loose powder compacts by this
heating and more complete homogeneous flow during pressing is
attained.

Flat objects, such as plates and so on, may be moulded quite satis-
factorily without pre-warming, if the mould is allowed to stand for
about 10 seconds after closing.

Moulded objects from melamine resin are characterised by their
high resistance to the effect of dry heat, hot water and hot
beverages, such as coffee and tea, and are usually free from all taste
and smell.

Melamine moulding powders have very good electrical properties.
On account of its high resistance to tracking, melamine resin is
particularly valuable in connection with high tension current work
as an insulating material.

TaBLE 56

PrOPERTIES OF MOULDED MELAMINE RESINS FILLED WITH o-~CELLULOSE
Specific gravity . . . . . 15
Tensile strength . . . . 7,000 lb. /in.?
Compressive strength . . . 30,000 1b. /in.?
Flexural strength . . . . 15,000 lb. /in.?
Impact strength (Izod) . . o-3 ft. Ib. per inch of notch
Water absorption (7 days at 20". ) . 1'5 per cent
Dielectric strength . . . . 350 volts per mil.
Volume resistivity . . . . 102 ohms per cubic cm.

Combined with the good electrical characteristics this has led to
the use of melamine moulding powders for making electrical parts
which have to withstand unusually high temperature conditions, e.g.
aircraft engine distributor parts, ignition systems, and so on.
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According to McHale,? mineral-filled melamine moulding compounds
will resist arcing for 135 seconds based on A.S.'T.M. tests as against
two to four seconds for phenolics. Phenolic resins tend to shrink
under heat and arcing conditions. Urea resins stand the arcing but not
the temperatures involved.

While having all the colour possibilities of aminoresins it has much
higher heat resistance. Its properties seem likely to open up uses for
such articles as toaster handles, chafing dishes, electric iron handles,
etc.

Chemically, melamine resin has more resistance than the urea resins
against weak acids and alkalis, and is also very resistant to organic
solvents. In the preparation of mouldings for holding foodstuffs, the
resin is particularly to be commended, as it does not react with fruit
juices, acetic and citric acids, mustard, fats, and oils. Water absorption
of cellulose-filled moulding powder is only 2-7 per cent after 7 days
immersion.

The carlicst melamine moulding powder was that known as Ultrapas'!
in Germany.

Ultrapas Moulding Powder. 'This is actually based on an equimole-
cular resin of melamine and urea.

350 parts formaldehyde
126 parts melamine
60 parts urea
5 parts ammonia (specific gravity o-g)
1 part active charcoal

It is condensed in a stainless steel kettle fitted with stirrer and jacketed
for hot water. It is held at 80°C. for 20 minutes, to a pH of 7. The
filtered syrup is added to

160 parts cellulose
1-2 parts zinc stearate
0-25 part magnesium carbonate

Magnesium carbonate acts as a stabiliser preventing pH from dropping
below 7.

Batch yield was 380 parts.

Mouldings made from it, in the form of beakers, cups and saucers,
etc., were very attractive. In view of the high water resistance of the
finished mouldings, the resin has been suggested for the manufacture
of domestic utensils. German examples include a bath-tub (presumably
for children), a soap-dish, a bath-spray nozzle, and a developing tank
for photographic work. All these objects are more or less in continual
contact with water or solutions of soap or chemicals in water.
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Modification of Melamine Resins. In order that melamine-
formaldehyde resins may be used for coatings, they must be compatible
with commonly used paint, varnish, and lacquer ingredients, such as
solvents, resins, and pigments. To effect this, it is necessary to modify
the structure of the condensation unit. As in the case of the urea resins,
this is usually done by causing the condensation to take place in the
presence of an alcoholic medium. The resulting product is a melamine-
formaldehyde etherified product similar in many respects to urea-
formaldehyde etheritfied resins.

As in the case of urea-formaldehyde resins, these condensation
products are often further modified by carrying out the reaction in the
presence of the ingredients of an alkyd resin and under conditions such
that a complex mixed condensate is formed. Perhaps a more common
modification, however, is that in which the melamine is mixed with
some other substance capable of reacting with formaldehyde in much
the same way,—e.g. phenol, urea, and thiourea.

Resins of increased complexity can be readily made by substituting
complex or polyhydric alcohols for part or all of the monohydric alcohol.

These hydrocarbon-soluble condensation products are readily con-
verted to hard, water-white, extremely resistant films, by heat or cata-
lysts or both. According to Hodgkin® the heat or catalyst functions to
release the etherified alcohol and thus makes possible the formation of
larger condensation units.

One of the most striking advantages of these condensation products
is that, in addition to their hardness, they are extremely heat resistant
and remain stable on exposure to temperatures above 260°C., as
evidenced by colour retention. Urea-formaldehyde condensations
which have a high percentage of carbonyl oxygen are decomposed by
temperatures above 180°C. This stability of melamine resin at elevated
temperatures, as compared to urea-formaldehyde resins, may be
largely attributed to the absence of the carbonyl group.

By a careful choice of catalysts, reaction media, time and tempera-
ture, the properties of the solvent-soluble melamine resins may be
varied between wide limits. Resins can be made having a low degree
of etherification and subsequent low tolerance for hydrocarbon solvents,
or they can be made with a high degree of etherification and then have
infinite compatability with hydrocarbon solvents such as mineral
spirits. Various resins with properties in between the two extremes
can be prepared.

Melamine Resins Applied to Coatings. Synthetic resins based
on melamine become hard and chemically resistant after they have
been heat-treated; consequently, their main application has been for



MELAMINE-FORMALDEHYDE RESINS 251

those products which can be baked. Increasing use is being made of
varnishes and enamels containing melamine resins. These solutions
are being used by most of the techniques employed, in the normal way,
e.g. spraying, brushing, dipping and coating generally. The melamine
is seldom used as the sole vehicle, but nearly always together with
alkyd resins. 1In this respect they resemble the urea resins. In this
country they are made by Beetle Products Co., L.td., as resins for
lacquers and as an additive for urea resin adhesives. In the United
States the leading producers are Monsanto, Resinous Products, the
Plaskon Corporation, and American Cyanamide.

Melamine resins under the influence of heat set more rapidly than
any other thermosetting resin available. In this respect they are far
in advance of the urea resins, just in the same way as these were con-
siderably more rapid than the alkyd resins. For example, coatings
made with melamine resins attain great hardness after heating for only
a few minutes at temperatures of 150°C. .

Coatings based on combinations of melamine resin and alkyd resins
may be baked to their maximum hardness at temperatures as low as
80-95°C. T'his is far lower than the range of temperature involved
in the use of urea resins. In the ordinary way using urea resins a
temperature of at least 120°C. is required in order to give really satis-
factory resistance to water. 'The low temperatures which may be used
with melamine resins have extremely important practical implications.
It means that ovens heated by hot water or by steam coils may be
employed for finishing off products. No special heating equipment is
necessary. Clearly this is an outstanding advantage.

In the past it has been a matter of some difficulty to make baking
enamels which would retain high gloss and have light colours. Particu-
lar difficulty was experienced with white as a colour. Where alkyd
resins were employed the coatings when baked became yellow. Mix-
tures of urea resins with alkyd resins enabled the production of a
satisfactory colour, but on the other hand, after baking, the gloss was
affected. Melamine resin is a distinct improvement on these types
since high temperature stoving in no way impairs the gloss and colour
of the products.

A consequence of the ability to use high temperature for short
periods has enabled a considerable speed up in production . This has
led to its widespread application for mass produced articles such as
refrigerators, switch-boards, motor car bodies, electric irons, metal
furniture, bathroom and kitchen ware, etc. Also the excellent resistance
to heat which far surpasses urea-formaldehyde has led to their use for
stove parts and electrical applications.
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Melamine resins are completely compatible with non-drying oils.
They are also completely compatible with drying oil-modified resins,
and may be employed in proportions varying from 5 to 100 per cent
of these. It is a fact that the addition of quite small proportions of
melamine resin, for example less than 20 per cent, to an alkyd resin,
reduces stoving time by as much as half.

Apart from these factors, melamine coatings have good electrical
characteristics, and are non-tracking.

Melamine resins in general have excellent weather resisting charac-
teristics, showing better durability than the urea resins in this respect.
They tend to improve the hardness and durability of alkyd resins. A
consequence of these desirable features is that they are being employed
for outdoor applications generally.

Melamine resins can be prepared which are soluble in organic
solvents. 'T'o some extent these are being employed in nitro-cellulose
lacquers and other coatings. ‘These melamine resins are completely
compatible with nitro-cellulose; they are compatible up to 40 per cent
with methyl cellulose.

Chemical Resistance. Hodgkin has carried out simple tests in an
attempt to compare qualitatively the resistance of melamine-alkyd and
urea-alkyd films to various chemicals and water. Immersion tests were
made to determine the resistance of melamine and urea resins to con-
centrated hydrochloric acid, dilute potassium hydroxide, and water,
all at room temperature. In each test melamine resin proved superior
to urea resin, whether alone or in combination with alkyd resins.

By the introduction of this concentrated melamine-formaldehyde-
butanol resin, there are five advantages:

The baking schedule may be lowered almost 50°C. and still
give the hardness formerly secured only with high bakes using
alkyd or alkyd-urea-formaldehyde resin enamels alone.

The baking schedule may be speeded up if the same temperature
is maintained.

From the standpoint of economy more alkyds can be used with
melamine resins than with urea resins and still give the same
hardness.

The heat resistancg of melamine resins is superior to urea
formaldehyde resins; discoloration occurs at 250°C. to the same
degree as or to a lesser degree than it does with urea-formaldehyde
resins at 150°C.

The chemical resistance appears to be at least equal to the urea-
formaldehyde resins, and, in some cases, slightly superior.
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The great heat resistance of the melamine resins offers possibilities
in the field of flash baking where enamels go through an oven at tem-
peratures of 200-450°C. for very short periods of time.
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CHAPTER X
CAST RESINS

THE story of cast resins falls into two sharply defined sections. Until
the beginning of the last war cast resins were almost exclusively used for
decorative articles and accessories. During the last few years they have
come to the fore as accessories to the engineering industries notably for
press tools. 'The simplicity of production and handling have com-
mended cast resins for this very wide field of application. While
phenol-formaldehyde resins are still the predominant type, others such
as aniline-formaldehyde resin are also used.

Up to the present time urea-formaldehyde resins and melamine
resins have not been used on any commercial scale for making
articles by casting. Although this was one of the early approaches in
respect to urea-formaldehyde resin it has never given satisfactory
results.

The moulding process involves a large amount of heavy and ex-
pensive press equipment and accessories. Iligh temperatures have to
be used, and it has been established that the difficulties in obtaining
an adequate range of colours with phenolic resins are in great part due
to the high temperatures. By contrast the process of casting eliminates
all these disadvantages, although it is not without disadvantages of its
own. The process of casting preceded that of moulding, although the
commercial development came at a rather later date. Thus by 1904
Story® was successfully casting the resins.

Cast phenol-formaldehyde resins are poured as liquid into a mould
just in the same way as molten metal is cast in a foundry. It is then
heated in these moulds at low temperatures of between 60-80°C. until
eventually the material reaches its insoluble and infusible final condition.
The liquid first thickens, then gels, and then progressively ‘hardens.
The time necessary to attain maximum hardness is something of the
order of several days. This is obviously in sharp contrast to the very
short cycle involved in moulding. Resins are now available, the harden-
ing of which can be accelerated to take place in a few hours.

Cast resins were the first means devised to get the full range of
colour into phenolic resins. Fillers are not normally used in the same
sense as with moulding resins. 'They are only used to give special
decorative effects. As a result it is fairly evident that cast resins must
be much more expensive than moulding resins, and this has to some
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extent limited their use. Latterly fillers have been introduced for
products whose appearance is not of great importance.

Preparation of the Resins. Cast phenolic resins were initially
made from raw materials much in the same way as the resins for
moulding powder were prepared by Baekeland. It was subsequently
found that the proportions he used, up to 1-5 mols of formaldehyde for
each mol phenol were not the most satisfactory for making cast resins,
and could be greatly improved upon. By using 2-5 mols formaldehyde
for each mol of phenol, far superior cast resins were obtained. The
resins were easier to cast and the final materials could more readily be
machined. It was also found that while the condensation was desirably
carried out in an alkaline medium, it had to be finished off by neutralis-
ing the alkali with a suitable acid. 'This had the effect of giving products
with a much superior fastness to light. 'I'he products also had improved
flexibility and toughness.

Riesenfeld® thinks the increase in the proportion of formaldehyde, as
compared with moulding resins, leads to the formation of long chains
with corresponding increasc in flexibility. He suggested that a de-
finite molecular compound was formed at a proportion of 1 : 2:5 phenol
to formaldehyde.

The formula proposed by Megson® would appear to fit in well with
many of the characteristics and properties of cast resins.

OH OH OH
N AN yd
TCH, T [TCH, T [TCH,T[ [TeH, T
7 \\// \\I/

CH, CH, CH,
NN N
CH, ™| [TCH, | |7CH,7| [cI,
/ NS AN
OH OH OH

At present, cast phenolic resins are made in the following manner:

Phenol and an excess of formaldehyde are condensed together in an
alkaline medium which is subsequently neutralised by means of a
suitable weak acid such as lactic acid or citric acid. The excess water is
then distilled off under vacuum. It is absolutely necessary to adh