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The Making of Optical Glass in India :
Its Lessons for Industrial Development

ATMA RAM

Central Glass and Ceramic Research Institute,
Calcutta-32

This is the first Shanti Swarup Bhatnagar Memorial Lecture delivered by the
author on October 6, 1961, before the National Institute of Sciences, India. The
author has given a thoughtful account of the development of the optical glass
industry and in this he discovers the fundamental prerequisite for industrial progress
namely, the close co-ordination among scientific thoughts, technological actions and
industrial growth. "This happened in different countries in the past, happened
again in India in producing optical glass, and is the right step towards our techno-

logical independence.

In view of the special appeal of the lecture to the workers in the fields of glass
and ceramics, it is being reproduced here from the Proceedings of the National
Institute of Sciences of India [2TA (6) 1961), with the permission of the Institute.

am deeply grateful to the National Insti-
I tute of Sciences of India for the high
honour done to me by awarding the Shanti
Swarup Bhatnagar Medal, recently instituted in
memory of one of the eminent scientists of -the
country and a past President of the Institute.
Dr. Bhatnagar’s contributions to the progress
of science and technology in India are unique
and distinguished; and by wisely piloting the
activities of the Board of Scientific and Indus-
trial Research (B.S.I.R.), he brought dignity to
the pursuit of applied sciences. Realistic in out-
look and gifted with intuitive and persuasive
powers, Dr. Bhatnagar possessed a remarkable
organizing ability, and it was the blending of
these qualities that made him a dominating
figure in the scientific and technological activities
of the country during the post-war period. For

—FEditor

his brilliant contributions to science, he will
rank among the eminent scientists of .the coun-
try; and for his great rdle in founding a chain
of National Laboratories, a parallel to which
can be found in the establishment of the Kaiser
Wilhelm Institutes in Germany, now known as
the Max Planck Institutes, he will be remem-
bered by his countrymen with admiration and
gratitude.

Twenty-one years ago, at the time of the
establishment of the Board of Scientific and In-
dustrial Research in 1940, I was privileged to
be taken as a member of the research team
directed by him. As Director of Research, he
believed in dealing with individual workers
directly, and thus I came into intimate contact
with him and was influenced by his methods
of -appraising problems and planning team work
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with-an unerring eye on results. It was my good
fortune to work with him till his premature
death on New. Year’s Day in 1955, but I could
hardly imagine during all these years that I
would be honoured as the first recipient of the
medal instituted by the premier learned society
of the country in his memory.

Under the conditions of the award, the reci-
pient is required to deliver a public lecture, and
in discharging this obligation I find myself in
considerable difficulty. I am not used to deli-
vering public addresses; but obligations must be
honoured and I find myself here today speak-
ing to you on a subject which has been engag-
ing my attention for some years past. Dr. Bhat-
nagar himself was keenly interested in the sub-
ject, and among the problems handled by the
B.S.I.R. during the war period, the production
of optical glass was one, and a major one at
that, as its supply position at that time caused
a good deal of anxiety. It is also a problem in
which several Presidents of the National Insti-
tute of Sciences had taken keen interest,

Role of optical glass

‘Knowledge is power’ and the power that man
has acquired in harnessing the resources of na-
ture for ensuring better living conditions stems
largely from science and its applications. In the
acquisition of that knowledge perhaps no single
substance has played a rdle worthier than that
of optical glass. This remarkable material has
become so much a part of modern civilization
that it is difficult to imagine what progress
could have been achieved without its services.
As an essential material of the telescope, optical
glass relieved science from the clutches of super-
stition and dogma and helped in the establish-
ment of the laws of planetary inotion. But for
optical glass, which has provided that wonder-
ful instrument, the microscope, many of the
present-day sciences and industries would not
have made such advance. Thus, the science of
bacteriology, which has done so much for the

alleviation of human suffering, would not have
been born; fermentation industries which are
amongst the major industries would have made
but little progress; photography and cinemato-
graphy would have been unknown and the
development of astronomy would have remained
stunted. Optical glass has extended human
vision from the microscopic world to the macro-
scopic.

The use of optical instruments in military
operations has made optical glass a vital strate-
gic material. Modern weapons employ a wide
variety of optical instruments, such as range
finders, submarine periscopes, army and naval
telescopes, binoculars, gun sights, cameras, etc.
The high precision required for the effective-
ness of operations is detérmined by the quality
of the glass used in the manufacture of optical
components. Indeed, optical glass has come to
be known as the ‘eye’ of the Armed Forces.

It is desirable here to mention that spectacle
lenses and signal lenses (used in the control of
rail, road or air traffic), although used for trans-
mission and refraction of light rays, are not
optical glasses; they are ‘ophthalmic’ and ‘signal’
glasses respectively. Although required for aid-
ing vision, ophthalmic glasses do not require the
high degree of perfection demanded for optical
glass. The term ‘optical glass’ is used for glasses
employed in the manufacture of optical instru-
ments of high precision.

Distinguishing features of optical glass

Optical glass is glass. What is then peculiar
about it that makes it such a prized material?

The principal role of optical glass, whether
it is used in the form of a lens or a prism, is to
refract rays of light, and apart from refraction
at the surfaces of incidence and emergence, the
path of light should not deviate while passing
through the body of -the glass. To ensure this,
the glass must be optically homogeneous; in
other words, -it should be isotropic. Ideal isotro-
picity has, of course, not been attained but a
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very high standard, almost approximating the

ideal, has indeed been achieved. This is where

optical glass differs fundamentally from other
glasses.

Broadly speaking, the inhomogeneities in glass
are of two types, chemical and physical. The
former includes seeds, bubbles and blisters,
stones, crystallization products, striae, cords, and
the like. These inclusions not only, in themselves,
block or deviate light in its passage through the
glass, but they are surrounded by glass which
differs in composition and refractive index from
the main glass and consequently interfere with
the performance of optical components. Even
when chemical homogeneity has been attained,
the presence of strains due to faulty annealing
causes deviation of the light path, an effect
known as Brewster Effect of double refraction.
This constitutes perhaps the most serious physi-
cal inhomogeneity in glass, -

Brightness of image 1s another important con-
sideration in an optical system and, in order to
achieve it, the glass must be highly transparent
and should not be coloured. Since optical de-
vices are often exposed to the atmosphere and
the components are subjected to rough handling
during grinding, poljshing, etc., optical glass
must be chemically durable; i.e: resistant to at-
mospheric and chemical attack;
possess good mechanical strength.

it must also

In short, optical glass must be:
1. Optically homogeneous.
2. Highly transparent and free from colour.
3. Chemically durable and physically stable.
The fundamental properties of optical glass,
important from the point of view of the optical
instrument designer, are the refractive index
n,, mean dispersion n.—ng partial dispersion

. n.,.—n, n -—-n . .
ratios 4 AL T TUF and dispersive power
fp—Ng * No-ng
Nn.-n ' . . .
ZE_¢€ or the reciprocal of dispersive
p
n,-1
n,-1

d
power T -+ v-value, also known as the

Ng=Ng

Abbe value. A', C d, F, and g represent the
wavelengths 7682 A 6563 A 5876 A 4861 A

and 4358 A respectively. Optlcal glasses are
designated by their n, value and the Abbe
value.

The lens manufacturer uses certain tools for
grinding and polishing, and keeps to the radii
of curvature calculated by the optical designer
according to the constants of the optical glass
used, namely the refractive index and the Abbe '
value. In this calculation he is mainly guided
by the following well-known relation:

1 _ _ 1 1 (M-1)t
f_—(M 1)(H ;'; Mrll'z )
where f, r, and r,, and ¢ represent the focal
length, the radii of curvature and the thickness

of lens, and M is the refractive index.

If the optical constants vary from supply to
supply, the only alternative left to the lens
maker is to change his tools according to the
variation of refractive index—and obviously this
is not a practical proposition. A supply may be
good in regard to optical homogeneity and other
properties, but if the optical constants vary
beyond the standards laid down (cf. Table I),
that glass is practically worthless to the lens
maker.

TABLE I
Limits of variation of ny and v value for optical
glasses*
Tolerance

Type of glass -

nd + [ v +
Flour crown e 0.001 0.5
Borosilicate crown 0.001 0.5
Light barium crown 0.001 0.5
Medium barium crown ... 00015 0.5
Dense barium crown . 0.0015 04
Soft crown 0.001 0.5
Telescope flint 0.001 0.4
Light barjum flint 0.0015 0.4
Barium flint 0.0015 | 03
Light flint 0.0015 | 0.3
Dense flint 0.0015 | 03
Extra dense flint . 0.0015 03
Double extra dense flint 0.0015 | 03

* Indian Standard IS : 1400—1960.
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It is thus the extreme purity, perfect optical
homogencity, uniformity and reproducibility of
quality within. very narrow limits that make the
manufacture of optical glass a task of high pre-
cision, demanding rigorous control over every
minute detail of operations. Exacting in require-
nments and difficult to produce, optical glasses
form a hierarchy of their own in the réalm of
glasses. In view of their highly specialized uses
and comparatively limited consumption, they

have never been an itemm of mass production.

The annual peace-time world production is
stated to be of the order of 2,000 tons, and
compared with the total production of glass,
which is about 20 million tons a year, optical
glass barcly constitutes a fraction of one per
cent. About half a dozen countries in the world
produce optical glass and the methods of manu-
facture are closely preserved secrets.

The beginnings of optical glass

Optical glass is the essential raw material of
the optical instrument industry and the progress
of its manufacture is the result of efforts to
preduce a material which satisfies the exacting
requirements of geometrical optics based on the
laws of refraction of light, and to obtain with
the help of the optical system an image free
from defects, such as chromatic aberration,
spherical aberration, curvature of surfaces, coma
and distortion.

Prior to the nineteenth century, optical com-
ponents were made from a selection of the best
available crystal glasses of the ancient alkali-
lime-silica (the crown glass) and alkali-lead
oxide-silica (the flint glass) types. The glasses
were defective in one way or another from the
aptical point of view and it was often difficult
to find a piece good enough to make a satis-
factory lens. In the latter part of the cightcenth
century, Pierre L. Guinand, a Swiss woodworker
engaged in making clock cases and bells, got
interested in producing telescopes. He started
melting glasses for his business, and succeeded,
after several disanppointments and serious finan-

cial losses, in obtaining a fairly homogeneous
glass by stirring the molten mass with a fireclay
rod. This was a great advance, and even after
cne and a half scenturies, stirring continues to
be the principal operation for ensuring homo-
geneity, although the operation is now per-
formed with great precision. Guinand started
making homogeneous glasses both in his own
workshop at Les Brenets (Switzerland) and at
Benediktbeurn (Geérmany) as an associate of
Utzschneider, a manufacturer, and Fraunhofer,
an carly pioneer in optics. After Guinand’s
death in 1824, optical glass making was taken
up in France by two small firms in collabora-
ticn with the successors of Guinand. One of the
firms socn clesed down, and the other, after
passing through several vicissitudes, ultimately
developed into the now well-known firm of
Parra-Mantois et Cie of Paris. In England,
optical glass making was started in 1848 by
Chance Bros. at Birmingham with the associa-
tion of Georges Bontemps, a skilled French
technician, at one time an associate of Guinand’s-
descendants, who had very much improved the
technique of stirring. Thus, till about 1880,
there were three works producing optical glass,
one cach in England (Chance Bros., Birming-
ham), France (Parra-Mantois, Paris) and Ger-
many (at Benediktbeurn), all employing Gui-
nand’s technique of stirring for homogenising
the glass. Guinand may thus be legitimately
called the founder of optical glass making.

Secondary spectrum—A great drawback

At that time, the available optical glasses
which were more or less variants of the crown-
flint scries were characterized by a linear relation
between dispersion and refractive index (cf.
Fig. 1); the dispersion increased progressively
with refractive index. Due to this relation.
achromatic combinations made by using low
dispersicn crown glasses for the positive element
and high dispersion flint glasses for the negative
elemient had an appreciable secondary spectruin,
as also spherical aberration and other defects.
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Refractive index

For nearly three quarters of a century after
Guinand’s invention, attempts were made to
produce glasses which would minimize this
secondary spectruin, some of Shem by leading
men of science. Premier scientific organizations,
like the Royal Society in England and the Aca-
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demy of Sciences in France, sponsored investiga-
tions on this subject and the latter instituted a
prize for the development of optical glass free
from defects.

Fraunhofer is stated to have obtained flint
and crown pieces with reduced secondary spec-
trum, but no attempt appears to have been made
to produce the glasses on a large scale. Since
he had facilities at his disposal at Benediktbeurn
to produce the glasses on a commercial scale,
it may be presummed that the glasses were un-
suitable in other respects. However, in colla-
boration with Guinand he succeeded in making
the great Dorpat refracting telescope with a
9-inch diameter objective, which was decidedly

superior to anything previously achieved. Inci-
dentally. the improvement in the telescope help-
cd in the better utilization of the spectrometer.

Deeply impressed by this achievement and
keen on promoting researches in practical astro-
nomy, the Royal Society took the initiative in
1824 for encouraging production of optical glass
of high quality. At its instance, Michael Fara-
day, in collaboration with Sir John Herschel
and G. Dollond, succeeded, after several years
of intensive study, in producing some good
glasses by 1nelting glass batches in platinum
trays and using platinum rakes for stirring; the
resulting glasses gave objectives which were
fairly achromatic. But being more interested
in other problems, Faraday discontinued the
work in 1831 and even declined the request of
the Royal Society to produce larger pieces. It
may be stated in passing that seven weeks after
declining the request of the Royal Society, Fara-
day announced the great discovery of electro-
magnetic induction which has immortalized his
name.

In 1834, Rev. Willilamm Vernon Harcourt,
founder of the British Association for the Ad-
vancement of Science, started investigations on
the relationship between the chemical composi-
tion of glasses and their optical properties, in
collaboration with Sir George Stokes. He con-
ducted numerous meltings in platinum crucibles,
particularly of phosphate glasses containing
oxides of potassiuin, sodium, lithium, aluminium,
calcium, strontium, barium, titanium, molybde-
num and tungsten. Harcourt and Stokes suc-
ceeded, as a result of these studies extending
over a period of about a quarter of a century,
in obtaining phosphate glasses containing tita-
nium which showed better achromatization.
Due possibly to limitations of equipment and
manufacturing facilities, the practical value of
these investigations was not realized and the
results did not perceptibly influence the practice
of making optical glasses. Due mainly to the
failurec of obtaining, in small meltings, glass
picces large enough for measuring optical pro-
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perties, the investigations suffered from uncer-
tainty and the conclusions reached were in-
definite.

New era in optical glass making

This was the position in 1870 when Ernst
Abbe, then Professor of Physics and Director
of the Observatory at Jena, began to interest
himself in optical instruments, particularly the
microscope, at the persuasion of the instrument
maker, Carl Zeiss. In spite of elaborate compu-
tations based on the principles of geometrical
optics, first introduced by him in optical design-
ing, and using practically all the glasses then
available, he failed to effect any noticeable im-
provement in the optical system of the micro-
scope. Abbe enunciated the problem with re-
markable clarity and even indicated the lines of
attacking it. This was a great advance, as know-
ing the problem, as the great Rutherford once
remarked, is half-solving it. Abbe said:

‘It is not difficult to state definitely the
source from which this shortcoming originates.
The inadequacy in removing those chromatic
differences of spherical aberration is caused
hy the fact that with the types of glass avail-
able at present, with crown glasses and flint
glasses, dispersion 1s always co-ordinated with
the mean refractive index in such a manner
that the higher index (with very few excep-
tions) is always accompanied by a higher dis-
persion and vice versa. The aberrations men-
tioned could be entirely, or at least partly,
compensated if optical materials were avail-
able which would combine a relatively low
refractive index with a high dispersion, or else
a high refractive index with a relatively low
dispersion. It would then be possible, by suit-
ably combining such material with the ordi-
nary crown and flint, to compensate the
chromatic and spherical aberrations to a cer-
tain extent independently of each other, thus
providing the prerequisite on which the re-
moval of the chromatic difference depends’
(Moritz 1957),

Even though devoid of practical utility, the
findings of Harcourt and Stokes, particularly
those relating to new oxides, did apparently
provide Abbe anfair indication of the lines of
approach as also confidence in the ccrrectness
of the step so helpful in tackling a new problem.
Abbe mentioned:

‘Some experiments in the production of
glasses with small secondary dispersion con-
ducted by Stokes in England a few years ago,
though barren of direct practical result, gave
useful hints as to the specific effects of certain
bases and acids on refraction of light. The
uniformity shown by existing glasses in their
optical qualities is probably chiefly due to the
very limited number of materials hitherto
used in their manufacture. Beyond silicic
acid, alkali, lime and lead, scarcely any sub-
stances have been tried, except perhaps alu-
mina and thallium. When this narrow groouve
is left, and a methodical study on an extended
icale is made of the optical qualities of chemi-
cal elements in combination, wé may antici-
pate with some confidence a greater variety
in the products’ (Hovestadt 1902, p. 3).

It would be a mistake to presume that only
Abbe was aware of these results. Attempts had
been made by Chance Bros. to utilize Harcourt
and Stokes’ findings soon after their publica-
tion.* Also, C. Feil, great-grandson of Guinand,
in association with the French chemist Frémy,
conducted extensive experimental meltings on
the use of barytes in glass. What was perhaps
lacking was not so much an indication of what
new oxides could be used as the exact propor-
tions and combinations which should be employ-
ed to ensure the desired properties in the result-
ing glasses. With penetrating insight, Abbe con-
cluded that the problem was not merely of
melting glasses but of systematic scientific study
of the chemico-optical behaviour of the new
oxides and he pointed out that success would
come through the laboratory, not from the fac-

* Report of The British Association, 1875.



Downloaded by [University of California, San Diego] at 12:54 29 June 2016

tory by following arbitrary and traditional lines.
Realizing fully the magnitude of the work and
also the reluctance of the manufacturers to un-
dertake it, he made an appeal tg learned socie-
ties and other organizations for assistance—
scientific and financial. He said:

‘This is a field in which learned societies
in a position to furnish material help for sci-
entific requirements could discharge a pecu-
liarly useful and grateful office; for very im-
portant and diversified interests are dependent
on the glass making industry, its continued
efficiency - and its further improvement. It is
not the microscope alone that is here affected,
but all’ sciences and arts that need optical
appliances’ (Hovestadt 1902, p. 4).

Otto Schott, a young German chemist who
had carried out researches on the chemical re-
actions involved in glass melting, and who had
also practical experience of glass making as a
family business, read Abbe’s report. In the hope
that the lithium glasses he had prepared might
provide the answer, he sent a few samples to
Abbe for examination. These glasses did not
meet the requirements, but Abbe was able to
perceive in Schott the right person, with know-
ledge of chemistry and acquaintance with glass
making, who could possibly help in achieving
the desired results. He accordingly wrote a very
encouraging letter to Otto Schott on his equally
discouraging samples:

‘I regard it as a great achievement that
you have succeeded in producing, from melt-
ings in tiny crucibles, specimens good enough
to admit of perfect optical investigation. Feil,
though an eminent and experienced glass
maker, has never sent me any such which
would allow’ of anything like an approximate
cstimate of the mean dispersion, much less a
reliable determination of the partial disper-
sions. The .most important condition for im-
provement in the manufacture of optical glass
seems to me to be the practicability of making
good (i.e. spectroscopically measurable) trial

meltings, since in this way only is a course
of methodical investigation possible. So long
as one must make every trial with a quantity
of 60 to 80 Ib. in order to get one small
prism to examine, any systematic testing of
new combinations will be out of the question.
Hence in spite of the negative result, I regard
these researches as of more value than if they
had led by a lucky chance to the discovery
of a useful new glass’ (Hovestadt 1902, p. 14).

Thus, Schott had already overcome one of
the chief obstacles which had largely hampered
the studies of previous investigators. A regular
correspondence between Abbe and Schott en-
sued, and this resulted in 1880 in the historic
collaboration between the forty-years-old bril-
liant physicist and the twenty-nine-years-old
painstaking chemist. It is well to remember that
when they started work, glass batches were
secret empirical recipes without adequate know-
ledge of the effect of the ingredients on the
properties of the resulting glass, and against this
background the undertaking was indeed a bold
research adventure. As a first step, a systematic
study of the chemico-optical effect of new
oxides, such as boric oxide, phosphoric oxide,
barium oxide, titanium dioxide and zinc oxide,
was undertaken. Schott melted the glasses at
Witten and Abbe examined them at Jena. In
about two years’ time they obtained results
which indicated the need for carrying out meit-
ings in large quantities. And for this purpose
a glass laboratory, for which money was collect-
ed by Abbe and Schott, was erected in Jena to
which place Schott had moved.

The results of melting promising compositions
in somewhat larger quantities were impressive
enough to warrant commercial production and
this decision was fully justified by later develop-
ments:

‘We will now only remark that these results
were in ‘the main established before the au-
tumn of 1883, and that the whole investiga-
tion as a scientific preparation for the rational
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manufacture of optical glass would then have
been brought to a conclusion, had we not
received at this time, from several eminent
scientists, the-suggestion that we should our-
selves take in hand the introduction of our
results into practice and follow up our labora-
tory work by undertaking the commercial pro-
duction of optical glass’ (Hovestadt 1902,

p- 7).

With the collaboration of the optical instru-
ment firm of Carl Zeiss, in which Abbe was a
partner, and a grant of 60,000 D.M. from the
Prussian Government, generously made at the
instance of Dr. W. Férster, Director of the
Physikalisch-Technischen Reichsanstalt  (then
known as Kaiserlichen Normal-Eichungskom-
mission ), also Director of the Royal Observatory,
Berlin, the small laboratory was enlarged to a
production laboratory, the ‘Glastechnisches
Laboratorium Schott u. Genossen’, Jena. In
course of time, Glastechnisches Laboratorium
gradually dropped off, leaving the name Schott
& Genossen, by which it became famous all over
the world. The establishment of this laboratory
for the production of optical and other glasses
has been described by that doyen of glass tech-
nologists, Prof. W. E. S. Turner (1936), in the
following words:

‘The founding of the Glass Technical
Laboratory Schott und Genossen was an event
which was without real parallel in the history
of glass making. ... There may, at rare in-
tervals, have been some other parallel during
the history of glass making, but it must in-
deed have been rare. In the case of Schott,
the new works were not merely to make
glass of good quality in the sense of homo-
geneity and clarity, but also to introduce a
whole new world of glasses. There was no
intention in the factory to make glasses of
existing types.’

Production of new optical glasses, such as the
borosilicate crowns, barium crowns, barium flints
and borate and phosphate glasses, began about

1884, but very soon the laboratory’s activities
spread to several fields arising mainly out of its
own researches, particularly heat-resisting glass,
boiler gauge glass and thermometer glass. The
optical designers, who were used to glasses
characterized by the undesirable linear relation
between refractive index and dispersion, had the
exciting experience of having at’ their disposal
glasses in which these properties were indepen-
dently variable. For instance, the , -value of a
dense barium crown of n, 1'61 is 55'4, whereas
for a flint of the same index it is 39-7—what a
difference indeed! By using the new glasses, pairs
could be so selected as to have their dispersion
ratios more in accord than in the older ones
and better colour correction could be secured
in the lens system, leading ultimately to the
production of anastigmatic lenses and apochro-
matic objectives. The results were so specta-
cular in improving microscopes and photogra-
phic lenses that within a few years Germany,
which had been importing 90 per cent of her
requirements of optical glass from England and
France, not only stopped import but commen-
ced export to these countries.

The existing manufacturers gradually resigned
themselves to a situation of virtual elimination
from the optical glass field. The Jena organiza-
tion enjoyed almost a world monopoly for about
thirty years, up to the outbreak of the First
World War. Thus, the little town of Jena
became inseparably associated with glass in the
world of science, and ‘Jena glass’ has enjoyed
a reputation and popularity almost unique in
the history of glass manufacture, equalled .per-
haps only by Corning in more recent years.

Although after the war optical glass manu-
facture became well established, particularly in
Great Britain and the U.S.A., German optical
glass and optical instruments continued to be
considered superior, and it was hard to over-
come the prejudice against similar products
even in the countries of origin, so much so that
in England, Sir Frank Smith, Director of
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Scientific Research, Admiralty, and later Secre-
tary of the Department of Scientific and Indus-
trial Research, had to issue a public statement
in this regard (Chance 1947).

‘It is a commonly held belief that optical
instruments and optical glass of British manu-
facture are inferior to the instruments and
glass produced by certain well-advertised

Continental firms. I wish, to state that this-

belief is erroneous and that it is based on
prejudice rather than a knowledge of the
facts. Comparative tests made with rigid
accuracy in the laboratory and trials under
stringent service conditions prove that British
optical glass and instruments are inferior to
none.’

Being the chief factor responsible for the
cominercial success of the Jena venture, the re-
sults of the investigations of Abbe and Schott,
particularly those dealing with chemical com-
position and optical properties, were obviously
never published in detail. However, a summary
of these and other results obtained later with
other collaborators appeared in a few papers
and also in the delightful book of Hovestadt,
‘Jena Glass’, in which was indicated the approxi-
mate additive relation between chemical comn-
position and physical properties, such as density,
thermal expansion, specific heat and Young’s
modulus, for which even factors were worked
out. In addition to opening a new era in opti-
cal glass making, the results provided, in later
years, a sound basis for modern glass technology.

German supremacy in optical glass making

It is pertinent to ask why France and Britain,
particularly the latter, with all the lead in opti-
cal glass manufacture, a sizeable instrument in-
dustry and the promising results of scientific
investigations, could not achieve a measure of
success comparable to that of the Jena pioneers.
The British optical instrument industry was at
that time piloted by master craftsmen who, with
their faith pinned to hereditary art and skill

were, unlike Abbe, unable to comprehend the
importance of scientific designing on the prin-
ciples of geometrical optics. The optical glass
makers, who earned the bulk of their profits from
other lines of glass manufacture, remained un-
concerned about developments in the instru-
ments industry, and the scientists tackled the
problem somewhat isolated from production
considerations. The conspicuous absence of col-
laboration between these three groups, each
working independently in its own sphere, failed
to create an atmosphere conducive to practical
developments. Thus,, the results of the appa-
rently unfruitful scientific investigations on the
role of some oxides in overcoming secondary
spectrum, carried out in Great Britain by some
of the outstanding men of science, such as
Faraday, Harcourt and Stokes, inspired Abbe,
who found in them a clue to the solution of the
most pressing problem of the optical instrument
industry. Already assured of the association of
the instrument maker, Carl Zeiss, as a partner
in the firm and securing Schott’s collaboration,
Abbe became instrumental in creating, so to
say, a revolution in the optical glass and optical
instrument industry. The happy combination of
the physicist designer, the chemist glass maker
and the instrument manufacturer, backed by
highly skilled technicians is thus the secret of the
overwhelming success of the Jena venture. These
efforts were generously backed by the Govern-
ment, but without the atmosphere of collabora-
tion between the different disciplines it is doubt-
ful if State aid alone could bring about such
phenomenal developments.

First World War : Optical glass a strate-
gic material

When the war broke out in 1914, Great Bri-
tain was importing about 90 per cent of her
requirements of optical glass principally from
Germany; the U.S.A. was almost wholly depen-
dent on Germany for supplies and France was
also importing substantial quantities. On the
declaration of hostilities, supplies to these coun-
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tries from Germany were completely cut off
and the Allies were exposed to great difficulties.
Never before, was the importance of optical glass
as a strategic material realized more than dur-
ing this critical period and its production re-
ceived, necessarily, top priority. But production
of optical glass is not just digging a few trenches
here and putting up a few barricades there. It
was a question of producing a very precise mate-
rial for the exacting requirements of military
optical instruments likely to affect the course
of war. One of the belated realizations that went
home was that although on the Allies’ side there
were two works in existence, namely Chance
Bros. in England and Parra-Mantois in France,
enjoying long seniority in establishment over the
firm of Schott, quantity production of the de-
sired quality could not be achieved without
associating physicists and chemists with its
manufacture. That being provided, the pro-
duction of Chance’s Works, which had stuck to
optical glass making in spite of adverse market
conditions, increased steadily, but to meet the
unusually large war demands, manufacture was
initiated in one more plant at Derby with the
association of scientists; and these two factories
were able to supply the war requirements in
Britain. This success was really very praise-
worthy.

‘In the face.of unparalleled difficulties, we
have accomplished in three short years practi-
‘cally as much as it took our late enemies
across the Rhine thirty years to do’ (Peddle
1920). '

America, today the land of plenty and a
ploneer in many technologies, though not a bel-
ligerent in the beginning of the war, had her
supplies of optical glass cut off rather abruptly
and was even in a worse position. Although
some-attempts had been made to produce opti-
cal glass and some success had been achieved,
particularly by Bausch & Lomb Optical Co.,
there was hardly any worthwhile production to

meet war demands. The situation is well des-
cribed by Lieut.-Col. Dr. F. E. Wright (1921),
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Chairman of the Ariy Commodity Conunittec-
on Optical Glass and Instruments, U.S. Ord-
nance Reserve Corps:

‘When werentered the war we not only
lacked a supply of optical glass, but we lack-
ed information regarding the processes of its
manufacture. We had little knowledge of the
quality and sources of supply of the raw
materials required. We lacked manufacturing
capacity and a trained personnel to handle
the problems.’

The secrecy regarding the manufacturing
operations was so complete that, even under the
emergency of war, America failed to receive
assistance-from- her Allies. To quote Dr. A. L.
Day (1920), Director of the Geophysical Labo-
ratory of the Carnegie Institution of Washing-
ton and in charge of optical glass production,
War Industries Board, U.S.A.:

‘It is perhaps interesting to remark paren-
thetically that at the time when the French
Liaison Comimnission visited this country after
our entry into the war, to aid us with their
experience in the production of war material,
it was not permitted to divulge any details
regarding the manufacture of optical glass
upon the ground that the integrity of the
existing glass moriopoly in France had always
been’ respected by the Government and must
be so still, in spite of the war pressure. Eng-
land adopted a similar attitude, and so in this
one branch of the service, the United States
was left to proceed unaided to endeavour as
best it iight to reproduce within the period
of a few months all of the experience which
had been attained in optical glass manufac-
ture since the days of Abbe and Schott in the
early eighties.’

The reference to England is somewhat sur-
prising since it is on record that during the First
World War, Messrs. Chance Bros. helped the
Russian Government in starting the manufac-
ture of optical glass at the Imperial Porcelain
Works, Petrograd. This, it is claimed, provided
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the foundation of Soviet optical glass industry.

In the absence of assistance from the Allies,
the U.S. Council of National Defence approach-
ed two of the country’s premieg research orga-
nizations, namely the Geophysical Laboratory
of the Carnegie Institution of Washington, then
engaged in phase equilibrium studies on silicate
systems, and the National Bureau of Standards
where researches on glass and ceramics had re-
cently been undertaken. With the co-operation
of some of the optical instruments manufactur-
ing firms and others, such as Bausch & Lomb
Optical Co., Spencer Lens Co. and Pittsburgh
Plate Glass Co., the scientists from the labora-
tories set themselves to work out the details of
operation schedules and scientific methods of
control, and succeeded in modifying the existing
processes to produce satisfactory optical glass.
Practically all the optical glass was produced
during that period mainly through the combin-
ed efforts of the physicists and chemists of the
two institutions. Their contribution was not con-
fined merely to laboratory and advisory work
but extended to commercial production, and so
unique was their success that they were even

. able to reduce the conventional melting schedule

substantially from three days to about 24 hours.
At some places they even took.over charge of
the entire plant. This remarkable success in the
production of an essential munition material
during a national emergency, without any exter-
nal aid, is unquestionably a great tribute to the
ability of scientists to tackle problems and even
make great advances in highly technical and
closely preserved  fields.

One of the noteworthy features of develop-
ments in the US.A. and at the Government
plant in Derby in the U.K. was the publication
of the results, which highlighted particularly
the contribution of various oxides used in glass
making to the optical properties of glass; the
need for controlling the additions to avoid devi-
trification and poor durability of the resulting
glass was emphasized. Some of the publications,
c.g. those of C. J. Peddle, are now classics on
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the subject; they helped to remove a good deal
of secrecy which surrounded the composition of
optical glasses. No doubt, chemical analyses of
a number of common optical glasses were avail-
able, but that information alone was not enough
to produce optical glasses required by instru-
ment makers.

The emergence of optical glass as a strategic
material during the First World War led various
Governments to take steps to encourage its pro-
duction and the development of instruments
industries in their countries. In Great Britain,
an Optical Glass Committee was set up with
the Director of Scientific Research of the Ad-
miralty as Chairman to co-ordinate the activi-
ties of various organizations, such as Chance
Bros., the British Instruments Research Asso-
ciation and the optical instrument makers. In
the U.S.A., Government interest was 1more
direct and the production of optical glass be-
came a regular feature at the National Bureau
of Standards. This ensured an uninterrupted
supply of high quality optical glass to Govern-
ment; not only that, it enabled continuous re-
search and development and the maintenance
of a viable production organization which could
be ‘expanded should an emergency arise. The
foresight and correctness of this decision was
demonstrated in the Second War when the
Bureau’s plant stepped up its production from
18 tons in 1941, when America was not a belli-
gerent, to 68 tons in 1942 and to 120 tons in
1943.

In view of the steps taken by different coun-
tries, supported in many cases by their respec-
tive Governments, the production of optical glass
was not much of an anxiety at the outbreak of .
the Second War. Production was stepped up
in the then existing plants, and two other coun-
tries, namely Canada and Australia, entered the
field, the former in collaboration with Messrs.
Chance Bros. and the latter with the techni-
cal assistance from the National Bureau of
Standards.
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Beginning of glass technology

The war years of 1914-18 and the post-war
period witnessed the very welcome move, en-
couraged in some of the industrially advanced
countries, towards the scientific study of manu-
facturing operations, the designing of equipment
and furnaces and the fuller understanding of
the physico-chemical principles underlying the
composition of glass. New research organiza-
tions were established; empiricism began to
make way for scientific understanding and the
veil of mystery which had shrouded glass mak-
ing began to be gradually lifted. These deve-
lopments transformed glass, hitherto regarded
mostly as a medium for the expression of art,
into the material of versatile utility that it is
today. The accumulation of knowledge is a
painstaking and necessarily a slow process, and
in this, although many persons from several
countries have made substantial contributions,
the work of Prof. W. E. S. Turner and his skil-
led collaborations stands out; the contributions
of Prof. Turner and his school are remarkable
both for the diversity of fields investigated and
for the usefulness of results obtained.

New developments—Rare earth and other
glasses

Although the introduction of barium crowns,
barium flints and borosilicate crowns by Abbe
and Schott produced remarkable results, parti-
cularly for photographic and microscope lenses,
it did not provide a complete solution of the
problem of glasses of different dispersions for
the same refractive index and of the same dis-
persion with variable indexes. There still re-
mained the question of making flints with high
dispersions but of low refractive index. In addi-
tion, the optical designers became more and
more interested in glasses of higher refractive
index and lower dispersion than those attained
hitherto.

During the period between the two World
Wars, a significant advance was made by

George W. Morey (who had done valuable
work on the production of optical glass during
the war) in the U.S.A. and by Korde in Ger-
many, by the discovery of what are known as

_rare earth optical glasses possessing very high re-
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fractive index and low dispersion. By painstak-
ing researches on the chemico-optical behaviour
of various oxides with the specific object of pro-
ducing crown glasses of high refractive index,
Morey was able to establish that the traditional
conceptions based on silicon or phosphorus as
the essential elements of optical glass must be
modified. By using boric oxide alone as the glass
former in combination with rare earth oxides,
such as lanthana and thoria, and other oxides
like titania and tantalum and tungsten oxides,
optical glasses with very high index but low dis-.
persion could be obtained. Thus started an-
other landmark in optical glass making as signi-
ficant, though not as exciting, as the develop-
ment of barium glasses by Abbe and Schott.

This pioneering work received considerable
stimulus by the brilliant contribution of Zacl.a-
riasen, a pupil of V. M. Goldsmith, in 1932, on
the extension to glass structure of the principles
of crystal chemistry based on, size and electric
charge of participating ions. Researches on the
composition and physical properties of glass were
handicapped by the lack of knowledge of the
structure of glass and .Zachariasen’s views, pos-
tulating continuous three-dimensional random
structure, supported by Warren and his colla-
borators by X-ray analysis, provided a great lift
to investigations on the interpretation and cor-
relation of the properties of glass with compo-
sition, and even helped in predicting new fields
of glass formation.*

The extremely corrosive nature of rare earth
glasses to even the most resistant refractories
presented a serious production problem, and
this was solved by resorting to melting in mode-

. *Prof. W. A. Weyl (1960) has recently discussed
in detail Zachariasen’s hypothesis vis-g-vis the condi-
tions of glass formation,
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rate sized platinum crucibles in electrically
heated furnaces—a practice which Faraday,
Harcourt and Stokes, and also Abbe and Schott,
had adopted in some of their experimental work.
The production of these glasses was begun in
the U.S.A. just before the Second War and
during the war period several tons were produc-
ed. In view of their superiority and versatility
for photographic lenses, they are now being
liberally used in sensitive aad special cameras.

Inspired by the work of Morey and assisted
by the new approach provided by Zachariasen,
the development of new optical glasses became
a favourite subject in many laboratories, and
the labours of the Kodak group of investigators
met with conspicuous success in obtaining glasses
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with remarkable optical properties, the refractive
index and dispersion both being extended to
limits hitherto not attained. Of special interest
among them are the fluosilicate flints or super
flints, ie. glasses with dispersion higher than
flints of corresponding refractive index and the
all-fluoride glasses without the traditional sili-
con, phosphorus or boron glass formers.
Super flints have been produced commercial-
ly and have proved to be of great as-
sistance to instrument designers.  Fluoride
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types are difficult to produce, but in
view of their very low refractive index (1.4)
and high ,-value (about 100), they are of spe-
cial merit in extending light transmission both
towards ultraviolet and infra-red—a very desir-
able feature for optical instruments; it has estab-
lished the possibility of replacing the use of
fluoride minerals, particularly in microscopes.
Another group of non-silica optical glasses pos-
sessing high transmission in the ultraviolet but
high absorption in the infra-red are the phos-
phate glasses made by incorporating aluminiuin
phosphate, a material similar in some propertics
to silica. Thus, during the period of about a
decade, the field of optical glasses has widened
remarkably and a much larger number of ele-
ments is now available for incorporation in them.
The successive stages of these developments arc
illustrated in the refractive index and reciprocal
relative dispersion diagram (cf. Fig. 2).

Plastics and optical systems

There has recently been some curiosity about
the possible use of transparent, colourless plastic
materials in place of optical glass, since some
of them have refractive index and Abbe values
very similar to the crowns; some of them, it is
claimed, possess partial dispersion ratios similar
to the extra dense flints and also extended trans-
misston farther into the ultraviolet. In view of
these optical advantages, reinforced by their un-
breakable character, they should be very useful
in obtaining complete colour correction in lenses.
The ease of varying their refractive index and
dispersion by adding various ingredients pro-
vides additional flexibility. They have, however,
the very serious drawback of getting scratched
easily and many of them get discoloured when
exposed to light and atmosphere. An optical
instrument cannot be expected to be operated
in the absence of light and the atmosphere, and
hence, in spite of the apparent advantages, the
appearance of plastic substitutes has not enthus-
ed the optical instrument maker.
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Development in production technology

Although soon after the First World War,
several branches of the glass industry witnessed
a rapid transformation from a hand-operated to
a highly mechanized industry, the practice of
optical glass making did not, barring a few ex-
ceptions, undergo any comparable change and
the manufacturing operations continued to re-
main more or less similar to those introduced
by Guinand more than a century ago. One ad-
vance, however, was the introduction of the stir-
ring machine in place of hand stirring. Another
of importance has been the casting of molten
glass after homogeneization in a rectangular iron
container in which it is slowly cooled and an-
nealed to produce a large block from which
smaller blocks or plates may be cut with a dia-
mond saw; from the small blocks or plates,
pieces of any given weight can be taken, re-
softened in a mould and pressed into lens blanks.
The latter, namely, lens blanks, are advantageous
when the demand for a particular shape is quite
large. The quality of the refractory pot and the
stirrer, which is a determining factor both in
regard to quality and yield of usable glass, has
been much improved by using better clays and
by adjusting the composition of the refractory
according to the acidic or basic nature of the
glass composition. Also contributing to an in-
crease in output and to a much better pot has
been the process of making pots by slip casting
developed by A. V. Bleininger of the National
Bureau of Standards. With these developments
and with the gradually increasing understand-
ing of the physical and chemical principles un-
derlying glass making, efforts have been concen-
trated mainly on improving the quality of glass
in respect of homogeneity and light transmission,
on ensuring better reproducibility of glass within
still narrower limits of tolerance of refractive
index and dispersion, and on increasing proces-
sing efficiency in regard to yield and utilization
factor of the glass obtained. The availability of
raw materials and chemicals of much higher
purity than previously used has materially con-
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tributed to success. These developments have
made available to the instrument maker optical
glasses of more varied properties, and have
ushered in optical instruments of improved per-
formance and utility.

A daring advance in the technique of produc-
tion was made by Corning Glass Works during
the Second War at the instance of the U.S.
Government to meet increasing war demands;
and this is the dévelopment of a continuous
process of melting optical glass, which had
hitherto been made by the intermittent process
in platinun-lined tanks—a practice similar in
principle to the melting of commercial glasses
in tank furnaces. The platinum-lined tank is
heated electrically and a platinum stirrer is used
for homogeneization. The glass comes out of
the tank in the form of a thick ribbon or bar
from which pristns and other shapes can be
made. Also, mouldings can be made by dis-
charging the glass in the molten condition
through a special feeder into the moulds of an
automatic pressing machine. Thus, a century-
old conception that optical glasses can only be
melted in pots has had to give way. The process
has been very much improved in post-war years.
The yield is much higher than that obtained
with the intermittent process and platinum being
practically non-corrosive to glass, the quality of
glass is much better; the loss of precious metal
is negligible. This entails, obviously, very heavy
investinent and consequently the process is suit-
able only for the large production of particular
shapes. It is eminently suited for the produc-
tion of ophthalmic glass which is required in
large quantities and in very few shapes and sizes.

Thus, within a period of 25 years, through
daring steps and spectacular developments,
America, which was denied, even under the
emergency of war, technical assistance by those
controlling the know-how, has become the lead-
ing country in optical glass making.

Varieties of optical glass

A welcome move during the post-war period
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was the rationalization of optical computations
resulting in a substantial reduction in the num-
ber of glass varieties required by the designers.
Whereas until the beginning of the Second War,
the number of varieties in actual use was un-
duly large (about 200), it has, in spite of the
much wider range of refractive index and dis-
persion now available, been reduced to about
thirty. This number seems to cover most of the
reguirements.

‘The number of varieties of glass available
is very large, probably larger than is neces-
sary .... Some of these are so close to others
that they are obviously accidental variants
rather than the result of deliberate attempts
to produce them Since the designer’s
employer is not ordinarily able to take issue
with his statements as to how many kinds of
glass he must have to produce results, he is
naturally tempted to shift as much as he can
of his burdens on to the shoulders of the glass
maker’ (Rayton 1938).

‘The Chance Catalogue and a supplement
give the optical data for ninety-four types of
optical glass; some of these are rarely in de-
mand and in consequence cannot be produc-
ed economically. This handicap is recognized
by the industry and in 1949 it was generally
agreed among users that many of the glasses
usually intermediate between other closely re-
lated types are not essential. These inter-
mediates had been created in past years, some-
times as off-index variants of former standard
types, sometimes to meet the particular re-
quirements of individual computers. Collabo-
ration between the various interests concerned
resulted in agreement on thirty standard types,
apart from the rare earth and other special
glasses, and these now meet 96 per cent of
the total demand’ (Wheat 1954).

In India, at present about twenty varieties of
optical glass are used, and some of these might
be due to supplies having, at times, been im-
ported from different sources. In view of the

very small demand, the suppliers naturally pre-
fer to supply whatever they have in stock.
In some cases, the total annual consumnption is
not enough to use up the glass from a single
melting, and the surplus has to be stocked over
several years and thus adds to the cost. There
is considerable rcom for reducing the number
and it would be more economical to compute
and make tools on the basis of varieties com-
mon to most consumers, rather than demand
small quantities of many closely related varieties.

Position in India

Hitherto, India has depended for her require-
ments of optical instruments on other countries,
particularly Germany, and an atmosphere fa-
vourable to the growth of a sizeable instruments
industry was almost non-existent. The Mathe-
matical Instruments Office, established in Cal-
cutta in 1930 as an instrument repair shop (now
the National Instruments Ltd.), the Technical
Development Establishment, Dehra Dun, of the
Ministry of Defence, started during the Second
War, and the few optical instrument makers
carried out only grinding and polishing of opti-
cal components made from imported glass. The
total output was small. It was possibly the small-
ness of the total demand for optical glass (two
to three tons per annum) and the ease of im-
porting it that overshadowed its importance as
a strategic material. This importance was reali-
zed during the Second War, mainly on account
of the difficulty of getting supplies from abroad,
and in order to start its production in the coun-
try the Government approached the British Gov-
ernment for technical assistance from Messrs.
Chance Bros. Ltd. Simultaneously, the Council
of Scientific and Industrial Research financed
research schemes for working out processes for
its production, but the results obtained were not
particularly useful. In a report on the post-war
development of the Indian glass industry, the
Glass Panel of the Government of India pointed
out (1947) that on account of the specialized
and limited demand for optical glass it was
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doubtful if private parties would be willing to
undertake its manufacture; the Panel recom-
mended that in view of its strategic importance,
the Government should take early steps for its
production.

During his visits to Europe and the UK. soon
after the termination of hostilities in 1946 and
1947, the speaker got the impression, during his
discussions with optical glass manufacturers,
that it would not be easy to obtain technical
collaboration with manufacturing firms. When,
therefore, he was a guest worker at the National
Bureau of Standards, Washington, in 1948, he
welcomed, through the goodwill of the U.S.
Government, the opportunity of seeing the
methods adopted in producing optical glass in
the experimental plant attached to the Bureau.
After his return to India, he submitted proposals
for the production of optical glass in the coun-
try, but emphasized that in considering a scheme
of this nature the strategic value should out-
weigh the commercial aspect and that even
though it might be cheaper for some of the
manufacturing countries to import optical glass,
they made it and the Governments encouraged
its production in various ways. This view was
later corroborated by different teams of experts
visiting the country.

The Government of India conducted negotia-
tions for technical collaboration with almost all
optical glass manufacturing firms, particularly
in the UK., the US.A., East and West Ger-
many, France and Japan. Technical teams from
some of these countries visited India, but no
satisfactory basis for collaboration could be
worked out. Optical glass continued to remain
a matter of anxiety for the Government, and
the Prime Minister even felt that under the cir-
cumstances the best course would be to ask the
Central Glass and Ceramic Research Institute
to. take up the work. In the meantime, two
senior officers of the Institute also had the
opportunity of acquainting themselves with the
methods of production adopted at the Glass

Division of the National Bureau of Standards.
Finding that negotiations with foreign firms
were not leading to any practical result, the
Planning Commnission, towards the middle of
1956, assigned the task of producing optical
glass to the Institute. In the meanwhile, the
Government of the U.S.S.R. agreed to offer
assistance in putting up a factory for the pro-
duction of optical and ophthalmic glasses in
India.

Complexities of optical glass making

If it were possible to obtain the final product
precisely as computed from the ingredients of
the glass batch put into the pot, the manufac-
ture of optical glass would be a comparatively
simple operation. But glass melting is a process
in which some constituents are being continually
lost on account of vcolatilization. and some others
are being added to due to the corrosion of the
pot; and both factors, the latter more effective-
ly, affect the homogeneity and clarity of glass.
In fact, glass is never in equilibrium; its com-
position is continucusly changing during melt-
ing. The intricacies of optical glass making arise
from this inherent peculiarity of the manufac-
turing operations to obtain a product possessing
the highest standards of homogeneity and trans-
parency, and values of refractive index and dis-
persive power which should vary within narrow
limits of tolerance.

Precision industries necessarily have precision
tools of production, but the optical glass maker,
although assigned the task of producing a very
precise material, has no such tools and he has
to face an array of fluctuating conditions.at very
high temperatures. The secret of success of opti-
cal glass making—call it an art or technology—
lies, not in melting a secret batch which can be
worked out after some experience, but in the
scientific mastery of the minutest detail of the
entire range of operations and rigorously con-
trolling every one of them. It is for this reason
that every optical glass manufacturer maintains
an up-to-date research laboratory manned by
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able and experienced staff. This explains the
conspicuous success achieved by the scientists
of the Geophysical Laboratory and the National
Bureau of Standards during the First World
War. Neither had any previous experience in
optical glass making but both were well versed
in the fundamental sciences bearing on glass,
particularly the chemistry of silicates. In view
of the very decisive rdle of the laboratory and
the limited demand for the product, optical glass
manufacture has often been called ‘laboratory
production on a commercial scale’. It is, in fact,
a research-cum-production business. It is worth
mentioning that every team of experts which
visited this country included provision for either
a well-equipped laboratory attached to the
works or, ‘in the case of the factory being located
in Calcutta, its association with the Central
Glass and Ceramic Research Institute.

Selection of technology

Being a supremely important strategic mate-
rial, not much has been published on. the tech-
nology and operations of optical glass manufac-
ture. Some information is available from the
publications of the Geophysical Laboratory and
the National Bureau of Standards, Washington.
There are at present three -processes by which
optical glass is made: the classical process in
which a refractory pot is used for melting the
glass, the process of melting in platinum crucibles
and the continuous process of melting in plati-
num-lined tanks. In all the three processes,
homogeneization is achieved by stirring; a re-
fractory stirrer is employed in the first, and
platinum stirrers in the other two. The first two
are intermittent in operation, whereas the third
is continuous.

The quality of the more common types of
optical glass produced by the first process, even
though employing a refractory pot susceptible
to corrosion by glass, is remarkably good, but
the yield is small. In the other two, corrosion is
almost negligible and the molten glass after
homogeneization is fairly free from striae. The
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first is suitable for producing moderate quanti-
ties of a given type of glass, the second for mak-
ing only small quantities, and the .third, on ac-
count of its high rate of production, is suitable
for meeting large demands of a particular type
and shape. The last process is stated to be un-
suitable for melting high lead glasses and also
phosphate glasses. The change from one type
of glass to another involves emptying and clean-
ing the tank before receiving the other batch
and this makes the process relatively inflexible;
for economic operation, the minimum daily pro-
duction should be about one ton.

When the Institute undertook work on opti-
cal glass, one of the first decisions to be mnade
was the selection of the technique appropriate
for production, taking into consideration the
present demand and also the demand to be anti-
cipated in the near future. It was apparent
that the continuous process with the heavy capi-
tal investinent it obviously entails, was out of
the question. Added to this, was the need for
importing every bit of platinum equipment.
Moreover, even with all the care, the use of
platinum is not without risk; in the case of
damage during melting, the repair of equipment
will have to be carried out in a foreign country
and this would make the process more inter-
mittent than the intermittent processes them-
selves. The demand even in the next ten years
is not likely to be large enough to warrant adop-
tion of the continuous process. It has not so far
been adopted in several optical glass making
plants, and the bulk of optical glass is still inade
by the intermittent processes.

Taking into consideration ail the factors, it
was decided to concentrate on working out the
details of the intermittent process, using both
the refractory pot and the platinum crucible for
melting. General acquaintance with the opera-
tions at the National Bureau of Standards of
melting glass in refractory pots also favoured
this decision. It may be interesting to mention
here that almost every team of optical glass ex-
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perts that visited the country for negotiating
technical collaboration suggested the adoption of
the intermittent refractory pot technology.
Again, in view of the small demand of any one
type of optical glass, the choice was restricted
to the pot cooling operation rather than casting
the glass into slabs or rolling it into plates. The
annual requirement of some types of glass is no
more than one hundred pounds and the adop-
tion of the continuous process was, obviously,
not feasible.

Raw materials and equipment

The precise properties expected of optical
glass, referred to earlier, demand the use of
raw 1materials of high purity and uniform quali-
ty. The presence of colouring oxides, such as
those of iron, chromium, cobalt, copper, tita-
nium, nickel, manganese, etc., even to the ex-
tent of one-thousandth of one per cent, has a
deleterious effect on the transmission of glass.
Decolourization, ie. neutralizing the colour of
iron by suitable additions of manganese or sele-
nium, is not desirable on account of the reduc-
tion in overall transmission, although some of
the carly optical glass makers are known to have
used them. Moreover, on account of solarization
of the resulting glasses and the consequent dete-
rioration of the optical instrument when used
in light containing an appreciable proportion of
ultraviolet radiation, the use of decolourizers,
particularly of manganese, is inadvisable. Clays,
felspars, etc., used in making the refractory pot
and the stirrer should be sufficiently free from
colouring oxides so that contamination of glass
due to the corrosion of the refractory is reduced
to the minimum; chlorides and sulphates tend
to produce opalescence in lead glasses and should
not be present in the chemicals and other raw
materials.

The first step, therefore, was to study the raw
materials, their beneficiation and processing in
order to render them suitable for use in optical
glass manufacture. The survey of raw materials
undertaken by ,the Institute some years ago
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proved to be of great help. After extensive
studies, involving trials on refractories and ex-
perimental melting, it was established that ex-
cept for some chemicals, such as soda ash,
potassiuin carbonate, borax, boric acid and
barium carbonate, which are being imported
to meet the requirements of various other in-
dustries, the chemicals and raw materials requir-
ed for optical glass making were available in
the country, and the erroneous impression that
India lacked such raw materials was finally dis-
pelled. Table II indicates the standard of purity
of raw materials maintained in the optical glass
plant at the Institute.

To make a start, the main problem was the
procurement of special equipment. Such equip-
ment is not available for import as the items
are specially designed and fabricated for the
firms, which maintain rigid secrecy for their
manufacturing techniques and processes. All
equipment, such as stirring machine, pot lifting
carriage and various other gadgets, including
plaster moulds, were designed and fabricated at
the Institute. So also the furnaces and kilns re-
quired for firing the pots, for melting, slump-
ing, moulding, annealing, etc., were designed
and constructed at the Institute. Needless to
add, the several special refractory parts and fit-
tings required for the furnaces were also made.

Some typical problems of production

Homogeneity and reproducibility of refractive
index and dispersive power are requirements
insisted upon for all types of optical glass. To
attain these, constancy of chemical composition
is the first essential. Even when every attention
has been paid to the analyses and to the weigh-
ing and mixing of raw materials, there are two
factors which give rise to a composition different
from the one calculated on the basis of input
of raw materials. There are losses due to volati-
lization during melting and there is absorption
into glass of alumina, silica, iron oxide, etc.,
from the melting pot. These losses and gains
vary with temperature and operating proce-
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TABLE II

Standards of purity of important raw materials used in the production of optical glass

Raw materials

Pwrity standard

Raw materials Purity standard

(per cent) (per cent)
Red lead Fe,O < 0.001
Sand Fe,O, < 0.003, 25° y
$i0, no Mn, Co, Ni,Cr. | Pb,0, Suo- < 00005
. | Soda ash Na,CO, > 980
Boric acid Fe,O, < 0.001 Na,CO, Fe,b, 3 < 0002
H;BO
3T NaClO < 050
S Na,S0, < 020
Borax, anhydrous Fe, O, < 0.001
ON;ZO.ZB}.:O_, s Potash X,CO, > 98.0
K.CO, IIZeC.,IO, < 8.081
< 0.1
Barium carbonate BaCO; > 9.0 K,80, <« 010
BaCO, Fe,O, < 0.005
BaSO, < 025 Aluminium hydrate AlL,O, > 614
gaSO < 8.(2)805 Al,0,.3H,0 Fe,0, < 0.005
ul < 0.
| Zinc oxide ZnO > 99.0
Barium nitrate Ba(NO,),>99.0 Zn0 Fe,0, < 0oL
Ba(NO,). IE;TSOO: : 8(1)81 CuO < 0.0005
d 4 3
Ar;enioc trioxide As;O; > 99.0
Fe, O 0.01
Calcium carbonate Ca0 > 985 it @b =
CaCO, MgO < 05 Antimony oxide Sb,0;, > 995
Fe,O; < 0.010 Sb.O, Fe, O, < 001
CaCl, < 010 As,0, < 020

dures, and have to be carefully worked out in
advance. High temperatures and long melting
periods increase the extent of volatilization and
corrosion, and both tend to produce striae in
glass. Pot corrosion has, in addition, two other
adverse effects: firstly, the introduction of un-
desirable iron into the glass and, secondly, pro-
duction of bubbles. The latter can often be so
serious that an otherwise good melt may be
completely ruined in the very last stage of

melting.

In the course of pilot* meltings designed to
work out the precise conditions for ensuring re-
producibility of melts, it became apparent that
the chief hurdle in optical glass making was
the performance of the refractory pot; and the
production of a satisfactory pot became a major
essential step. It was fortunate that the Institute
had an experienced refractories research group.
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Pots were made by slip casting and although
the various steps of the process are fairly well
known, the production of a satisfactory pot with
the clays available proved to be very difficult.
Failure to reproduce results, particularly in re-
gard to making the glass bubble-free, although
conditions of making and firing the pot remain-
ed apparently the same, proved baffling. The
causes were tracked down and all difficulties
were overcorne.

One of the critical operations in optical glass
making is the stirring of the molten glass mass
for ensuring homogeneity. The working out of
an appropriate stirring schedule in regard to
speed, radius of sweep, duration of stirring, rate
of drop in temperature and temperature of the
furnace at the time of removing the pot is im-
portant and for this a precise knowledge of the
viscosity of molten glass at various temperatures
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Log viscosity

is a prerequisite. Viscosity measurement at high
temperatures demands particular care; the
operation of the furnace is specially important,
as even a slight change in temperature in the
range of operation markedly affects the viscosity.
Viscosity values are determined at the Institute
by the N.B.S. platinum ball-moving method in
a controlled Pt-Rh wire-wound furnace and a
large number of curves indicating the variation
in viscosity with temperature for various optical
glasses have been prepared (cf. Fig. 3) to pro-
vide the basis on which appropriate stirring
schedules can be formulated.
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FIG. 3—Variation in viscosity with temperature

-———Borosilicate crown

After stirring, the pot containing the molten
glass is removed from the furnace and is cooled
under controlled conditions. The cooled pot is
broken and the chunks are inspected for imper-
fections, which are trimmed off, and the good
pieces free from striae are selected for mould-
ing into blanks or for converting into slabs. Ins-
pection and trimming need great care and skill,
as slight negligence may result in bad glass re-
maining embedded in good pieces or in trim-
ming away good glass from acceptable pieces.

Selected pieces, even though chemically homo-
geneous, contain an appreciable amount of re-
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sidual strains and these are removed by anneal-
ing, an operation which demands meticulous
care and control. In annealing optical glass, in
addition to composition, shape and size of the
piece influencing the annealing schedule, there
is one other factor which has to be taken into
consideration, and that is the increase in refrac-
tive index during annealing. In order that the
increase in refractive index is the same through-
out the piece, the temperature distribution in
the piece should be uniform. A difference of
about 10°C. at two different points in the same
piece may not cause an objectionable strain, but
it causes sufficient difference in refractive index
to render the glass worthless for optical pur-
poses. The annealing kilns have, therefore, to
be constructed with precise temperature control.
Properly annealed optical glass slabs should not
show a deviation of more than 5y per centi-
metre length when viewed in a polarimeter.

In this lecture, it is obviously difficult to refer
to all the intricate operations of optical glass
manufacture; I have, however,-said enough to
indicate the nature of the tasks confronting the
optical glass maker. Perhaps it is not surprising
that the glass maker should jealously safeguard
the results achieved and the experience gained
after so much sustained effort. It is remarkable
how, in spite of all the intricacies in the vari-
ous operations, it is possible to obtain a product
of unusual purity and reproducibility. There
is no mystery about optical glass making which
only the specially gifted are required to unravel.
A scientific approach is what is needed, and the
secret of success lies in scientific understanding
as opposed to empiricism.

" After about eightetn months of systematic
work on raw materials and on designing and
fabricating of equipment and furnaces, study-
ing details of pot making, working out different
schedules, such as stirring and annealing, and
fixing up suitable compositions, the Institute
was able to produce optical glass on a pilot
scale in 600-1b meltings. The samples were
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examined by Prof. P. K. Kichlu, Professor of
Experimental Physics, University of Delhi; by
the National Physical Laboratory of India, New
Delhi; and by the Technical Devglopment Estab-
lishinent of the Ministry of Defence, Dehra Dun,
and were found to be satisfactory. The last-
named establishment, which is the biggest con-
sumer of optical glass in the country, declared
them A4 Grade. In the preparation of some of
the schedules, we were considerably assisted by

some of the recent publications of the Bureau
of Standards.

On the completion of pilot trials, the Gov-
ernment of India and the Planning Commission
reviewed the position with respect to the manu-
facture of optical glass and early last year en-
trusted its production to the Institute. A plant
with sufficient capacity to meet the requirements
of the country has been fabricated and erected
in the Institute premises. It went into produc-
tion in the latter part of 1960.

Yield and cost of production

The yield of usable optical glass by the re-
fractory pot process is, as already mentioned,
rather low due mainly to pot corrosion. It de-
pends very much on the form in which the glass
is ultimately shaped for delivery to the instru-
ment maker. Experience of the last few months
of actual production of some major types of
glass in the Institute’s plant indicates that with

the methods .adopted .and eguipment made at
the Institute, the yield is not lower than that
mentioned in the proposals of the various ex-
pert teams that visited the country. A few trans-
mission curves of and values of light absorption
by glasses now in production at the Institute,
compared with those of the best imported
samples, are given in Figs. 4—9 and Table III.
It will be observed that the optical quality of
the glasses produced at the Institute is highly
satisfactory.

The question has sometimes been raised as to
how far, with such a small demand, the pro-
duction of optical glass is a commercial proposi-
tion. It is a difficult question and the answer
requires an appreciation of the relative import-
ance of cost vis-g-vis the material itself. As al-
ready pointed out, optical glass is a strategic
material; it is not an item of mass production.
It is not generally appreciated that optical glass
manufacture by itself is not a fortune-making
business and without reflecting on the business
acumen of optical glass makers, it would not be
far from truth to say that they earn their pro-
fits from other items of manufacture and not
from optical glass. Some of them are also con-
sumers of optical glass as instrument makers,
while some produce the glass as one of several
other items because it bestows a special and
enviable prestige on the manufacturer. Ever
since the.First World War, the manufacture of
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optical glass has been regarded as a miatter of
strategic consideration rather than a commercial
proposition. The cost of production of optical
glass at the Institute is not higher than that esti-
mated in the various project reports prepared
by expert_ teams, notwithstanding the fact that

the present annual demand is only about three

% transmission

tons from a plant with a capacity of about

15-20 tons.
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In presenting the account of the efforts of
the Institute for relieving the country’s depen-
dence for a vital strategic material, I should like
to pay a tribute to my colleagues at the Insti-
tute who helped in solving the many problems
that arose during the course of this work with
great devotion and enthusiasm.

Industrialization in India

I chose to speak today on optical glass not
merely because it has absorbed my attention for
'some years now, but also because the history of
optical glass production has some lessons by

 which we can profit in the present context of

industrialization of the country.

The supremacy in optical glass manufacture
‘achieved by Germany in the eighties of the last
+century was due solely to the fact that while in
" other countries the producers were content with

~ empirical methods of production, in Germany,

scientists and manufacturers collaborated in
gaining a full scientific understanding of the
various processes and in developing appropriate
manufacturing techniques. Although one might
succeed in starting industries by importing know-
how, plant and equipment from others, that

23



Downloaded by [University of California, San Diego] at 12:54 29 June 2016

TABLE 111
Light absorption by optical glasses

Light absorption (%) per centimetre
Type of glass - ' . . e
CGCRI sample Imported sample Perg;:i'iﬂfl;:;mt

Borosilicate crown .. 0.30 0.30 .10
510/645

Dense flint - 0.33 0.45 2.0
623/360 :

Extra dense flint .. 038 0.35 2.0
651/337

Double extra dense flint .. 0.73 0.69 —
717/295 :

Hard crown .. 0.80 080 1.0
519/603

Light barium crown .. 0.30 0.0 1.0
541/597

Medium barium crown . 0.51 0.40 1.0.
572/576 i

Dense barium crown .. 0.60 055 20

10/560

* Indian Standard IS : 1400-1960.

alone is not enough to ensure advancement.
Far more important is the scientific understand-
ing of the manufacturing operations. For lack
of a suitabe term, I may call it the ‘know-why’.
It is not enough to acquire the ‘know-how’, we
must develop the ‘know-why’ through our own
efforts.

The second lesson to learn is-that mere avail-
ability of facilities for scientific research and of
opportunities for industrial development are not
enough to ensure economic progress. England
and France were both ahead of Germany in
having an established ontical glass industry, and
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some of their outstanding men of science were
also busy in optical glass research. A proper co-
ordination of science, technology and industry
is what is required. It is this co-operation which
led to the pre-eminence of Germany in the opti-
cal glass field. Co-ordinated effort is=much more
productive of practical results than isolated bril-
liance in science or technology.

Let me elaborate this point a little. The Jena
pioneers, even though utilizing the -know-how
long established in other countries, not only suc-
ceeded in stopping imports of optical glass from
France and England but, what is even more
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telling, they even started exporting optical glass
to these very countries; not only that, they suc-
ceeded, because of their co-ordinated efforts,
in establishing a world monopoly in optical glass.
Towards the close of the last century, Germany
was systematically adding science as an addi-
tional dimension to industry, and by developing
a new conception of technology based on the
integration of science with manufacture, she
achieved industrial supremaéy in several fields
pioneered by others, such as dyestuffs and, no
doubt, optical glass. A tradition of applying
science to industry grew in that country and a
climate conducive to the effective co-ordination
of science and industry soon developed. This
has provided Germany with that infallible capi-
tal, the technological skill, in the industrial field
and its effectiveness has been confirmed by the
astonishing success, often called ‘economic mir-
acle’, which Germany has achieved in recent
years in rehabilitating her war-shattered econo-
my. No doubt in these efforts she has received
liberal financial assistance through the Marshall
Plan, but that alone without the technological
skill could not have produced, within a decade,
these prodigious results and raised her to a posi-
tion from where she could help America in her
difficulty of balance of payments. What can be
achieved by a proper co-ordination of science,
technology and industry has been demonstrated
by the most spectacular achievements of space
travel just achieved by the Soviet Union and
the United States; the former, before the Re-
volution, was not much of a scientifically deve-
loped country.

India is now engaged in the mighty effort of
rapidly industrializing the country for raising
the standard of living of the masses. The results
of these efforts will be largely determined by
the speed of technological progress and the
quickness with which the country becomes
technologically independent. In order to make
up the long leeway and catch up with indus-

ttrialized countries, she has been getting welcoine

assistance—technical and financial—from friend-
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ly nations. But economic progress cannot be
assured by drawing on others’ goodwill only.
Those in charge of economic affairs have appre-
ciated the situation; it was recently stated, for
instance, that:

‘We in India regard its (external assistance)
indefinite continuance as inimical to our sense
of national resolve and purpose. That is why
we have adopted as our objective that we
should be independent of extraordinary forms
of external assistance in as short a time as
possible.’

(Speech delivered in Chicago by
B. K. Nehru, Commissioner-General
for Economic Affairs, Amrita Bazar
Patrika, November 20, 1960.)

and

‘The earlier we rely less and less on techni-
cal know-how from abroad the better for us.’
{Shri Manubhai Shah, Union Minis-
ter of Industry, Hindusthan Stand-

ard, January 25, 1960.)

While the country is procuring know-how,
plants and equipment from other countries, we
should simultaneously and without loss of time
initiate studies on the ‘know-why’ of operations
which will help not only in running industries
more efficiently but also in developing new and
better machines and equipment and making the
nation technologically independent. Merely
copying the know-how, without adequate scienti-
fic understanding, will not help us to achieve
productive efficiency and high quality manu-
factures. Complaints are often being heard
about the quality of our exports and this is
understandable. Several manufactures which are
now being exported have been established on
the basis of imported know-how and imported
machines, without much regard for integrating
scientific understanding with production. It
should be emphasized that although individual
genius has proved helpful in developing novel
processes and machines, the success of commer-
cial enterprise has been achieveq mainly through
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the integrated efforts of scientists, technologists,
engineers, economists and industrialists, by first
understanding the conditions conducive to
maximum efficiency, then developing suitable
processes, plant and machinery and techniques
in carrying out operations to achieve the desir-
ed results.

Appreciating the essential role of science in
the progress of industries and as a first step to-
wards technological independence, a large num-
ber of scientific and technological institutions
devoted to research and development have been
established in the post-independence period, and
facilities in existing institutions have been very
considerably augmented. Never before in India,
and perhaps in few countries elsewhere, has
science received such 1nassive support from Gov-
ernment. The Prime Minister has an unflinch-
ing faith in scicnce; he is convinced that:

‘... It is science alone that can solve the
problems of hunger and poverty, of insanita-
tion and illiteracy, of superstition and deaden-
ing custom and tradition, of vast resources
running to waste, of a rich country inhabited
by starving people Who indeed could
afford to ignore science today? At every turn
we have to seek its aid ... The future be-
longs to science and to those who make
friends with science ...’

In securing beneficent possibilities which
science holds for economic and welfare activi-
ties, particularly the development of industries,
the German optical glass industry offers useful
guidance.

Much progress has been made since indepen-
dence and valuable results have been produced.
There is, nevertheless, a feeling, more or less
undisguised, that the results achieved in Indian
laboratories and institutions are too few and
rather insignificant in comparison with the great
achievements in advanced countries. Compari-
sons are always odious; whatever the justification
for the feeling, the fact remains that even the
few results achieved are not always utilized.
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Apart from the waste of effort and resources,
the neglect of results of proved value creates a
sense of frustration in the minds of scientists
and exposes the Institutions to criticisin for no
fault of theirs. Also, viewed against the back-
ground of foreign collaboration and the publi-
city such collaboration is receiving, a conviction
is rapidly growing in the mind of the average
person that technology is foreign to Indian
talent. Collaboration in new and special fields
should be welcomed, but collaboration even for
minor expansion programmes of well-establish-
ed and even exporting industries is indicative
of chronic technological dependence. This is
developing into an undesirable situation in
which research and industry tend to remain
apart from each other. If the lessons of the
German optical glass industry are any guide,
it is of the utmost importance that an atmos-
phere conducive to the integration of science,
technology and industry should be developed.
In addition to establishing research laboratories,
effort should be made to ensure the utilization
of the results of research. This is a task to which
we must address ourselves with a sense of ur-
gency and dedication.

In the face of unprecedented State patronage,
public expectations’ from science and technology
have soared high. The yardstick for public ap-
praisal of the utility of technological institutions
is the achievement of beneficial results in mea-
surable terms, here and now. The public are
not much interested in reports, statements, etc.
Utilization of research results for the advance-
ment of industry and substantial increase in
economic productivity are what the public
expect.

Scientific criticism has helped the growth of
science and the creation of a scientific atmos-
phere everywhere. One of the Presidents of the
National Institute, Prof. P. C. Mahalanobis,
has, in a recent note on Scientific Man-power,
drawn attention to Prof. Haldane’s remark
about the lack of sound and informed scientific
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criticism in India. The history of science is full
of instances of discoveries being inspired by
criticism of competent scientists. There is no
dearth of criticism in India, but, much of it has
unfortunately tended to be personal rather than
scientific. Ciriticism of this type stifles progress
and vitiates the atmosphere for creative work.
Criticisms to be of value should be based on
informed understanding of facts.

Science and technology in India are on the
march. The efforts that are now being made to
offer ‘inducements to talented youth to take to
science as a career are most welcome. An at-
mosphere which would encourage adventure in
science and technology Is essential to attract
and retain enterprising men and women. In the
absence of such an atmosphere there would be
migration of scientific talents to professions
which place no premium on adventure but de-
mand only adherence to rules, procedures and
precedences. The climate is more important for
scientific endeavour than the material means,
like apparatus, buildings, etc.—no doubt essen-
tial—and it is to the creation of that atmos-

phere that the National Institute of Sciences,
with its great prestige as the leading learned
society of the country, should devote some of
its attention and effort.
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