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FOREWORD

The phonograph record is a relatively new type of historical document. Although
the sound recording as a means of preserving musical performance is its best-known
form, music is not the only subject which has gained by the invention of the phono
graph. Today there are public and private industrial libraries each of which contains
several hundred thousand instantaneous recordings of broadcasts of political and
literary significance. These are mostly in the forms of discs and magnetic tapes.
Many of these recordings are rare, if not actually unique, and most of them are of
great historical importance. There was a time when only large research, university,
and industrial libraries collected sound recordings, but now the inclusion of phono
graph records in the collections of even small circula ting libraries is standard practice.
Moreover, the number of private individuals collecting sound recordings and re
cording equipment has grown enormously, particularly since the advent of the
long-playing record and the magnetic tape machine. The phonograph has become
very valuable as an aid in the development of the appreciation of music, literature,
and other fields of learning.
It is strange that studies on the preservation of sound recordings have previously
been neglected, although the problem was becoming more acute with each passing
year. The libraries of the country enjoyed the results of basic research for the preser
vation of paper and motion picture films, but no such information was available for
sound recordings. Accordingly, the Library of Congress approached the Rockefeller
Foundation for aid in this mattcr and the Foundation generously made a grant for
this purpose. Dr. William Prager, Chairman of the Science Council of Brown
University, was the Library's chief consultant in this project and upon his recommen
dation the experimcntal work was assigned to the Southwest Research Institute of
San Antonio, Texas.
The results of this project are summarized in this report. We believe this to be
the first report which attempts to describe existing knowledge on the subject, showing
the results of the various tests carried out by the experimentation under the grant,
and, equally important, the need for continued work in this field. The report con
tains information which will be of great usc to the Library of Congress in its efforts
to preserve its large collection of sound recordings and, we hope, of equal usefulness
to the other libraries of this country and other countries as well.
L. QUINCY MUMFORD
Librarian oj Congress
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ABSTRACT

The purpose of this investigation was to study the storage deterioration of sound
recordings in order to estahlish the optimum storage environments and techniques
for library use. This research study was made possible by a grant from the Rocke
feller Foundation to the Lihrary of Congrcss. Playback cleterioration (wear) wa s
specifically excluded from this study, which was further limited to phonograph discs
and magnetic tape. Thc significant mechanisms of degradation of each type of
recording arc discussed and recommendations for storage environments and tech
niques are presented. The limited cxperience relating to the aging of plastics and
sound records under normal storage conditions preclude accurate cstimates of
potential shelf life, but the investigation demonstrates that further study would
provide means of predicting incipient failure in order LO permit re-recording before
loss of the records. The life span of a plasLic article in an ideal environmen t is a
property which is built into the article when it is manufactured. Proper care cannot
extend this potenLial life although it can prevent premature failure. Presently used
sound recording materials are designed for use and economy and not for storage.
Because sound records are valuablc cultural asscts, it is recommended that interested
groups should cooperate in the development of sound records of greater potential
shelf life than are now availal)le, with particular attention focused on the require
ments of the record libraries throughout the country.
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I.

INTRODUCTION

Background

The collection, preservation, and dissemination
of knowledge are requisite to both the continued
operation and the fu ture development of civiliza
tion. Within the last few millennia, the Inedium
of memory has been augmented by the more per
manent and reliable written or printed record.
For many purposes, particularly those of recordin o '
history
and music, still more accurate recordin~
•
b
media have come into use within the last several
decades- mcdia which record sight and sound
and which, as Mr. John G . Bradley of The National
Archives said in 1935 (121), add a second and a
third dimension to recorded knowledge. The
problem of record storage in terms of space, cost
and stability has been considerably increased as
libraries have become repositories for motion
picture film and sound recordings as well as for
books and documcnts.
Scientific research studies of the storage sta
bility of paper were begun in Europe in the latter
part of the 19th century. In this country, a syste
matic investigation of the problem was under
taken by the Bureau of StaIldards in the latter
part of the 1920's which was given impetus during
the 1930's by the National Archives Act and
resulted in a rather complete body of knowlcdge
by 1938 concerning the storage and preservation
of this kind of record. While much credit must
go to the governmental agencies which developed
this information within a ten-year period, the
contributions made by the paper industry, prior
research, and the very existence of paper items
which had been stored for very long periods of
time must be recognized. The work of the Bureau
of Standards on storage degradation of paper has
served as a foundation for this and other subsequent
studies of the storage degradation of organic ma
terials because of its definition of the parameters
of such degradation as well as its development of
scientific methods of investigation of this problem.
The study of the problems of storage of motion
picture film was initiated in this country by the
505970-59- -2

forma tion, in 1930, of the Committee on Preserva
tion of Film by the Society of Motion Picture
Engineers. The Bureau of Standards, under the
joint sponsorship of the National Archives and the
Carnegie Corporation of New York, performed
a comprehensive research study of these problems
under an advisory committee of the National
Research Council in 1936 which resulted in the
scheme of surveillance of nitrocellulose film by
periodic testing for deteriora tion and the design
of storage environment for motion picture film.
The experience gained with these techniq ue~ to
gether with refinement of procedures by industry
and governmental agencies, both here and abroad,
within a decade, brought the science of storaO'e
of motion picture film abreast with that of bo~k
and document storage.
Present Program

r n 1954, the Library of Congress, aided by
Mr. John S. Coleman of the National Research
Council, sought information on the storage of
sound recordings comparaule to that which had
ueen evolved for paper and motion picture film.
\Vhile some work had ueen done by industry and
governmen tal agencies on some aspects of this
problem, it was apparent that the complete infor
mation required for establishing optimum storage
environments and techniques was not available to
the librarian. This research study was, accord
ingly, undertaken by Southwest Research Institute
to collect and correlate such information, and to
develop suitable techniques for the storage and
preservation of disc and magnetic tape sound
recordings.
A major part of the effort consisted of the
collection and analysis of published information
pertaining to the subject, supplemented by labora
tory investigations in the fields of mechanics, chcm
istry and biology. The technical litera ture of en
gineering and the ba sie sciences provided a rich
source of valuable information on the behavior and
1

deterioration of plastics, which was coUected and
used as a basis for theories of the shelf aging of
sound recording ma terials. I nvestiga tions to jus
tify the conclusions arrived at by this synthesis and
to explore other avenues in which insufficient
knowledge is available included the chemical exam
ination of discs, studies of creep and residual stress
in discs, the effects of accelerated and natural shelf
aging on discs ane! tapes, the effects of humidity
and fungi on discs, changes in the properties of
tapes induced by aging, and storage packaging for
sound recordings.
The report is organized in three major sec
tions: "Factors relating to the Degradation of
Sound Recording Materials," "The Study of
Phonograph Discs," and "The Study of Magnetic
Tape." Conclusions and recommendations of
specific interest to those responsible for the storage
and handling of sound recordings arc included
individually at the end of each of the latter two
sections. In addition, more detailed findings and
recommendations with respect to disc recordings
are presented at the end of each sub-section of
"The Study of Phonograph Discs." Finally,
"Recommendations for Future \\'ork" is presentcd
as the last section to indicate the direction of
future research necessary if the subject of the
storage and preservation of sound recordings is to
become a real science. This project was of but a
year's duration and must be regarded as a pre
liminary stud>' in this science; much of the work
done has been just sufficient to delineate the
problems which must be overcome in order to
provide a system of sound recording storage which
fits the library requirements of space, availability,
cost, and assurance against loss.
While the short history of the use and storage
experience with modern sound recording materials
is a distinct handicap to the formulation of precise
conclusions as to the future behavior of these mate
rials, the results of this study indicate that the po
tential storage life of cxisting sound recordings in
ordinary library environments is somewhat longer
than would be expected by the scientist and con
siderably shorter than is desirable to the librarian.
It should be kept in mind with respect to this prob
lem that resistance to degradation is built into an
article at the time of its manufacture by material
formulation and processing technique. !-.10st sound
recording media were not designed for long-time
storage but for playback qualities and lmv-cost
manufacture. Continuation of this work should
produce two desirable results: (1) more knowledge

2

about cxisting sound recording media, and (2) the
devclopment of sound records better suited to
library storage than those presently available.
Three systems of recording sound are used; these
arc groove patterns, magnetic patterns, and photo
graphic patterns. !-.1any variants of these systems
have been used, but the bulk of library sound rccord
collections consists of phonograph discs, magnetic
tapes and motion picture sound track. This study
is restricted to phonograph discs and magnetic
tapes, and, even more specifically, to those kinds of
discs and tapes which have been produced in great
quantity in the United States. The kinds o[sound
records studied were:
(1) Phonograph discs
(a) Acetate (cellulose nitrate)
(b) Shellac and shellac type
(c) Vinyl
(2) Magnetic tapes
(a) Cellulose acetate base
(b) Mylar base
Somc important categories have been, of necessity,
neglected. These categories include styrene discs
and polyyinyl chloride base tapes which are certain
to form part of any large collection as well as less
common items such as wax discs, wire, paper base
tape, and cylinder records. In addition, only
shelf aging was considered although the inter
action of playback and storage is, undoubtedly,
of significance in the aging process. Even with
these limitations, it was necessary to curtail the
amount of work on each type of sound record
studied. .Most regrettably, it was not possible to
make a comprehensive survey of library environ
ments and sound recordings in storage in order
to assess thc effects of storage in different basic
environments; this type of work was confined to the
Library of Congress, in \Vashington, D.C., where
the basic environment is superior to many areas
with respect to atmospheric contaminants and
temperature extremes and is inferior to many areas
with respect to humidity conditions. Washington,
D.C., has a climate classified as humid subtropical
(92) which permits stack temperature control to
I)e maintained as shown in Figure 1 by heating
and ventilation alone and has little industry to
provide air contamination. Humidity is a serious
problem in Washington, D.C., as is indicated in
Table 1 (also see Table 1.9 and Fig. 1.13 of Ref.
92). Variations in climatic conditions are bound
to cause variations in shelf aging characteristics in
different localities, and it is unfortunate that this
parameter could not be examined more thoroughly.
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Temperature in a stack provided with heating and air circulation only.
(Northeast Bookstacks, library of Congress, 1957)
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II.

A.

FACTORS RELATING TO THE DEGRADATION OF
SOUND RECORDING MATERIALS

Manufacture

It was mentioned in the introduction that the
resistance of an article to degradation is buil t in to
the article at the time of its manufacture. The
potential storage life of plastics, the basic materials
used for the manufacture of most sound recordings,
is particularly dependent upon this parameter.
Unfortunately, the effects of this parameter are
not, at present, subject to quantitative evaluation.
The uncontrolled variables are the basic resin, the
materials added to the basic resin to alter its prop
ertics to those desired, and the sound record manu
facturing process. The quality control of the
individual chemical plant producing a basic resin
may be excellent and result in a uniform product,
but there are numerous sources of these resins in
eluding some foreign sources which have sold some
extremely low-cost resins on the domestic market.
Since chemical degradation can be initiated by but
trace amounts of certain chemicals, it would be
remarkable if the process differences between
chemical plants did not cause differences in resist
ance to degradation.
The materials added to the basic resin are even
more variable in nature than is the resin. The
major sound record manufacturers differ signi
ficantly in their formulations for cost or product
improvement reasons. An unfortunate choice of
lubricant or extender can conceivably decrease
the potential life of a stored plastic by several
decades while a change in stabilizer (see page 23)
might increase such life by as much as a century
without any noticeable change in appearance or
playback quality of a new recording.
The conditions of heat and stress imposed on a
plastic during the manufacturing processcs are
severe. The variation in processing techniques,
even if these variations are but ostensibly minor
differences in cyele time, temperature or pressure,
contribute greatly to variations in such parameters
as internal stress, laminate adhcsion, retained

solvent and chemical degradation initiation. All
of these items which make for a variation in poten
tial stOt-age life of sound recordings are outside of
the ken and the control of those who acquire and
store sound recordings. The only way to over
come this deficiency is to develop suitable spccifica
tions covering formulation and manufacture to be
used for the procurement of sound recording's which
will provide a product of dependal)le and maximum
storage life. Premium sound recordings manu
factured under such specifications would undoubt
edly be more costly than regular items, but the over
all economy which would result from reduced care
and longer time intervals between re-recording
necessitated by record deterioration would-by
far- morc than offset this initial expense. From
the inquiries received during this program, it
seems likely that there is sufficient demand for
premium life sound recordings to justify their
manufacture.

B.

Handling and Storage

One important factor responsible for the reduc
tion of potential storage life can be eliminated
without further research. This factor is the en·
vironmental history of the sound record between
manufacture and acquisition . Quality sound re
cordings or recording materials are kept in good
environment until they are packaged and, usually,
after they are received in a library for use and
storage. In the interim of warehousing and
transportation, however, they are often sul)jected
to severe environments which may materially
reduce their potential shelf life. Plastics, because
of their ciegradation mechanisms, are particularly
susceptible to damage induced by such treatment.
The chemical and physical reactions which cause
failure are not evidenced by noticeable changes in
appearance or quality during an induction period
(a period during which internal chemical reactions
occur that initiate the actual degradative reactions)
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which often precedes rapid degradation or during
the early stages of degradation. These reactions
are accelerated by elevations of temperature and,
sometimes. by moisture and cyclic changes in
temperature or moisture content. The moisture
problem can be solved by proper packaging prior
to warehousing or transportation, but the tempera
ture probJem is far more difficult. I t can be solved,
however, by obtaining supplies which have not
been stored in adverse environments and by proper
choice of a carrier to obviate exposure to either
extremes of high or low temperature. In some
instances this might require shipment in an air
conditioned truck . Libraries, of course, do not
have control over many items they receive, but
they can, undoubtedly, benefit hy controlled pro
curement of many items.
The storage conditions are controllable by the
librarian to an extent permitted by allotted space
and funds as well as the requirement of ready avail
ability of th e sound records . Optimizing these
conditions will not prevent degradation but can
definitely inhibit it. The storage conditions are
mainly determined by the parameters of physical,
chemical and biological degradation of the basic
plastic constituents generally used in the manufac
ture of sound recordings.

C. Properties of Plastics
A plastic is a high-molecular-weight organic com
pound which is capable of being form ed into a
desired shape by application of heat, pressure,
evaporation of a solvent, solution of a dispersed
resin in a plasticizer, or a combination of these
techniques. For reasons of economy, as well as to
provide more desirable properties, other substances
such as plasticizers, softeners, lubricants, extenders,
fillers, stabilizers, and pigments, are generally in
corporated into a plastic. At the present time,
sound recordings are generally made of synthetic
or partially synthetic thermoplastics. Thermo
plastics are matcrials that will repeatedly softcn
when heated and harden when cooled. There is
no abrupt change, at the service temperatures of
these materials, between the fluid and solid states,
but, instead, a thermoplastic gradually becomes
softer as the temperature increases.
Plastics per se a re no more susceptible to degra
·dation than are other materials. They have been
manufactured and used for such a short time, how
ever, that the experience with and consequent
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knowledge of their long-time behavior is very
limited. This deficiency in knowledge is aggra
vated by the fact that the manner of degradation
of plastics is often quite different from that of other
more familiar materials such as paper or leather.
\Nhile polyethylene is not used in the manufacture
of sound recordings, the history of this material
provides a good example of this characteristic of
plastics . Polyethylene is a synthctic hydrocarbon
chemically similar to naturally occurring paraffin
wax, but with a higher molecular weight. The
first users of polyethylene, who were quite familiar
with the stability of paraffin waxes, assumed that
polyethylene would have the same inherent resist
ance to deterioration . The)' were correct in this
assumption, with an cxception that caused many
unforescen failures . Actually, polyethylene is ex
tremely susceptible to photo-oxidation iJecause of
very minute imperfections in its chemical constitu
tion which are not present in natural hydrocarbon
waxes. This deficiency has oeen overcome by the
incorporation of anti-oxidants and light-absorbing
pigm ents into thc plastic, which increases the out
door life of polyethylene as much as thirty-fold.
This points up another important fea ture of plastics.
That is, the properties of plastics can be altered re
markably by additives in ord er to achieve a desired
result. In general, more than one of the properties
of a plastic are changed when an additive is used.
In this case, the use of a light-absor bing pigment
also changes the color' of the polyethylene, which
mayor may not be desirablc. Often, other less
obvious and more undesirablc property changes
arc caused in this manner. For example, one
could easily choose a heavy-metal soap for incorpo
ration in a plastic as a lubricant which would un
foresceably catalyze the oxidation of the plasticizer
used and materially reduce the useful life of the
plastic. Because of the interaction between all of
the different constituents of a plastic-based article,
the deteriorative characteristics of such an article
are not determined by those of the basic plastic
alone, and due regard must oc given to each con
stituent and its effect on the uscfullife of the article.
The basic thermoplastic, or resin, is composed of
long chain molecules, and its physical properties
are dependent on the sizc and shape of the molecules
and thc forces between the molecules. The prop
erties of such a resi n can be changed ehcmically by:
(1) Chain scission, which rcduces the molecular
size.
(2) Cross linking, which changes the type of
forces between molecules.

(3) Side group modification, which changes
the amount of the forces between mole
cules.

D.

Atmospheric Factors

The physical properties of a resin can also be
altered by changes in temperature, stress, or mois
ture content. Chemical and physical changes are
usually not independent, many different changes
taking place simultaneously. A sufficiently large
change in the physical properties of a plastic obvi
ously results in failure of the plastic ot' which the
artiele is made. The manifestation of this failure,
in sound recording materials, may be pennancnt
deformation, embrittlement, cracking, loss of adhe
sion between lamina tes, or loss of strength. There
are two kinds of chemical changes in plaslics: in
ternal reaction and reaction with environmental
agents. The most important changes are those re
actions with the environment or environmentally
induced internal reactions.
Radiant energy, in particular the ultraviolet or
high frcquency portion of the spectrum, should be
denied access to sound recording materials, since
it is an extremely effective agent of degradation
initiation. They should not be exposed to natural
sunlight or artificial ultraviolet.
Thermal energy is responsible for both physical
and chemical changes in plastics. The physical
changes, ineluding changes in size and shape, result
mainly from the high coefficient of thermal cxpan
sion together with the low thermal conductivity
found in most plastics and the chanRes in viscosity
induced by changes in temperature. Permanent
deformation or delamination may resull from either
exposure to an extreme of temperature or cyclic
changes in temperature. Chemical changes are
accelerated by elevation of temperature. At serv
ice temperatures and for most reactions (especially
those where water is involved), the reaction rate is
approximately doubled for an increase in tempera
~ure of 15° F.
I t would seem that the optimum
storage tempera ture for a material would be as cold
as is attainable . This is true to a degree. I t must
be remembered that temperature changes are harm
ful, especially abrupt ones, and that the physical
properties of plastics are radically changrd by ex
treme changes in temperature. For this reason, it
is bcst to choose a storage temperature (i.e., 60° F
to 70° F) which is a compromise between human
comfort and the desired reduclion of thcrmal energy
to maintain essentially the same tcmperature in

both storage and playback. Sharp temperature
changes may thus be avoided. For precious and
seldom-used records, it is feasible (and practiced
by at least one sound record manufacturcr in mas
ter tape storage) to store recordings at 15° to 20° F
below such a temperature. Much lower tempera
tures than this create new problems-such as ex
treme brittleness, ice crystal formation, and failure
due to the differing coefficients of expansion of
constituent materials.
Moisture is also both a physical and a chemical
agent of degradation. Changes in moisture con
tent can cause large dimensional changes in some
resins and fillers, which may induce failure, and
can also change important physical properties
such as impact strength. As a chemical agent,
water can either react directly with a resin (hydrol
ysis). can ca talyze other reactions, or can act as a
solvent. The solvent action of water is most im
portant both becallse it enables some compounds to
be transported from one place to another in a
material and because it enables reactions to take
place which only occur in solution. Excess mois
ture will also provide an environment conducive to
biologiea I deteriora tion.
For the range of materials involved in sound
recordings, the ortimum moisture content must be
less than that which is high enough to promote
si~nificant chemical or biolo:jical deterioration and
at the same lime greater than lhat below which the
desired physical properties of some plastics are
impaired. For those materials such as the cellu
losics, which absorb largc amounts of water and
undergo large dimensional changes thereby, it is
desirable to keep the environmental humidity as
constant as is feasible. For service temperatures,
the desirablc humidity is between 45% R.H. and
65% R.H.
Moisture is present in three forms in a storage
environment: water vapor, water films, and com
bined water. These three forms exist in equilibrium
with each other in a closed system. That is, the
thickness of a water film on an article, and, some
times, lhe amounl of combined water, is dependent
llrOn the amhient temperature and the amount of
water vapor in the environmental atmosphere; \TI
short, the relative humidity.
Oxygen can bc a serious or a minor cause of
chemical degradation in plastics. The seriousness
of oxidative degrada tion is, in gencral, dependen t
upon the nature of the plastic and the environ
mental parameters. If a resin molecule is per
fectly constructed according to its textbook formula
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and oxidative catalysts are absent, the resin would
be unaffected by ordinary oxygen. Reaction sites
for oxygen are, however, provided by deviations
from the ideal chcmical structure of the resin from
the moment of manufacture. Light, heat, and
chemical changes of the resin which occur during
processing and aging provide further reaction sites
for oxidative degradation . In general, a well made
plastic of good materials is little a!Tected by oxida
tion if kept in a storage environment free from light
and excessive temperature. A few exceptions have
been noticed in the past-in particular, the use of
raw castor oil as a plasticizer and the e!Tects of
molding temperatures on vinyls in the absence of
sufficient stabilizing additives have caused trouble-
but all prese ntly made materials seem to be quite
stable in the presence of oxygen and in the absencc
of light, excessive temperature, certain trace im
purities, and cxcessive moisture. Ozone is a dif
ferent problem. I n general, however, it will not
be a problem in library storage especially if the
sound recordings are packaged in materials which
will deny access of ozone to the plastic.
Atmospheric contaminants can cause chemical
degradation of plastics. These contaminants are
principally thc oxides of carbon, sulfur, and nitro
gen. These contaminants require moisture and
free air circulation to be of significancc. That at
least one of these contaminants can be a scrious
source of degradation in library environments has
been demonstrated in the case of sulfur dioxide and
leather book bindings. (94) Propcrly' packaged
materials of proper moisture content will not be
affected even in heavily contaminatcd environ
ments and so this need not be a source of degrada
tion if sound recordings are properly protected.
Dust and grit arc sources of both physical and
chemical degradation of sound recording materials.
Physical damage can be caused by scratching of the
surface or embedment of dust particles in the sur
facc--either of which affects playback quali.tics.
The surface of an acetatc disc may be scratched
by the mere withdrawal of it from a paper envelope.
Dust is also not an inert material but can provide
acid radicals as well as metallic ions which some
timcs catalyze degradative processes (see Table 2,
which contains data from Washington, D.C., a non
industrial city). Dust films attract moisture and,
just as for the gaseous atmospheric contaminants,
moisturc is essential to their chemical action on
materials.
Unfortunately, the thermoplastic is a poor con
ductor and is electrostatically charged from the
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molding process with a volume charge* which
maintains a surface charge for a long period of
time. (120) The surface charge, which is re
newed during handling and playback, attracts
dust to the surfaces of thermoplastics and holds it
there .
The first precautioll, of course, to prevent
damage by dust is to provide as dust free an en
vironment as is feasible. The sound recording
materials should be properly packaged during
storage and usc facilities should bc kept as dust
free as possible. The next step is to keep the mois
tu re con lcn t of the environmen t low enough to
prevent chemical action of reactive dust constitu
ents. These steps will reduce the dust problem
but will not eliminate it. This means that sOllnd
recording materials must be cleaned without
damaging them.
The major types of chemical degradation of the
basic resins have bcen noted as changes in physical
properties resulting frorn:
(1) Chain scission.
(2) Cross linking.
(3) Side group modification.
induced by:
(1) Light.
(2) Heat.
(3) Water.
(4) Oxygen.
(5) Atmospheric contaminants.
(6) Dust and grit.
The major types of physical degradation of the
articles made from these basic resins have been
noted as:
(1) Permanent cleforma tion.
(2) Breaking, tearing, or delamination.

* Electrostatic charges arc prcsumcd to result from a
temporary excess of or deficiency of electrons in a solid
hody. In non-conducting materials this is usually restricted
to the atoms on the surface of the body, and such a charge
is readily dissipated by discharge to ground. Many plastics,
however, develop such charges within the volume of thc
material during molding. Thesc charges arc not rcadily
dissipated beeausc of the limited electron mobility of thc
non-conducting material and serve as an electrostatic
eh:lrgc "reservoir". These charges can induce a surface
charge without thcmselvcs being dissipated (in the same
manner that a charged rod can be uscd to charge an electro
scopc without dissipation of the rod charge) or can gradually
" leak" to the su rface. Volume chargcs in vinyl discs arc
of random sign and intcnsity, and inducc correspondingly
random surface charges. A surfacc charge caused by
wiping a disc with a particular material will have a sign
and inte nsity detcrmined by th e matcrial rubbed against
the plastic.
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TABLE 2.-INORGANIC Ai'\ALYTICAL DATA, \,\TASHINGTON, D.C. , CARDOZO HIGH SCHOOL (B)
From Dust Samples I'g/Cu l..,[
Satnpling Dute Sal!). Partie·
No.

2i23-24/5.5 __ - ____ 2982
W8- 29/55__ . ... 29Y I
.': ~- 5f5 5 . _. ...... 29\r2
51 2- 13!105 • ....• 2lJ9~
510-1,/55 . _. .. . 2UU4

G,I}-, /M . . __ .... :1\19,
G}2'-28. 55 . .. .• . 30u0
i} ;-6/55. ______ . _ 522li
S,il-2/05 _____ ___ 5231
S' IlHI /55
.. - 5232
8. 2!f-30j55 .. . _•. 5234
YI 12- 13155 .... . • 5:l3G
9, 26-27/.\5 . . __.. ;;238
10/3-4/55 . _._ .. . . 5239
11 128-29155 . .. 5247
1/24-25 156
- -- i2·~1
2!'18 ZW56... .... 72S6

~ln

ulate

198

1M;
300
lli5
201
13:)
l~ r)

Pb

SIl

- -- - 0.0'2
0. 02
<II.III

V. O~
O. U·I
O. U5
0.03

O. 6
U.S
U.5
U. 9
0. 9
0. 8
1.2
1.0
O. j

O. 01
O. U\H
<U. 1M I4

0.01
< 0.003

U.112

0.01 ,5
0.03
n .IM)\)

18-1
1U0

1I.II:l

~O

< n.OI

U.fI

·~o .

]f..S

U.02
U.06
n. U5
0.03
< 0.02
U.OG
0.06

0.7
1.4
1.9
2.5

O. U1
< 0.OU3
O.OUl;

O. (;

< U. 1I04
<U.Oll4
<0. 004

I4l
13g
2-1(;
177
21&
15,

0.U2

1.4
1.0

om

II. (lO!1

Fe

I

Cu

I

Ti

V

- - - - - -- O. ~
0.7
D.2
U. ~
1.1
1.3
O. S
1.3
U.7
11.3

O. U
1.0
I.U

1.0
0.4
2.0
1.2

U 05
II. III
D.f'l
0. 11:3
U.02
o. Uf;
0. 02
O. 1I2
0. 112
< 0.U1
0.02
0.01
0.02
0. 02
O. u2
fl . 03
U. O:J

ll. 03

0.U2
U. oJ
0.02
I). OJ''
11.02
U.02
0.02
O. III
U.I X!b
U. ()'2
0. 0'2
U.03
O. ua

0.03
0. 05
0. 03

Zn

I

C,.

O . ll~

o. uS
0.0:)
O. 1~1
O.ljJ

o.lIa
U.11\i
O. II:,
O. IIS
0.1
0. 1
0.2
0.1

0.4
U. .5
0.2
0.4
O. -I
O. i
O. :1
O. -I
0.2
O. -!
U. :.
O. a
1.4

n. ';
0.1
O. 'I
O. G

:110

O. (IO:!
0.UO·2

Co

Tract·

< 0. OO~

<U.I ~ I~

O. O~

< fl. 011,

[i.OU2
O. UU9
O. OJ
11.I HIti
0.W2
0.1")3
<0. 002
0.003
0. 110'2
O. (I(H
0. 00(;
O. OO~
O. OI!S
O. OilS

0.03
0. 02
0.04
0.01
003
0. 01

< O.BII:

< 0.0117

< 0.004
.,.- U. ()()4
• O. Ill).!
< U. OO3
< U.rot
< 0. 004
< U. UO~

< O.l~)r.

< ().1~,)4

II . I H I~

O. (12
0.112
0.03
U.04
0.02
0. 04
0. 03

T ....

c'·

0. 02
0. 02

-

-0

.

I

Hi

I

Cd

Sb

Btl

Be

- -- -- -- - -- - - - - - -

- - '
II. (16
0.07
U. 08
0.08

Ni

rrrace

'I'm,,"
< 0.00,

Trace

Truce
Trace
1"race

1"race
Trace

T ruce
T race
----

< 0. 004 1

< O.W~

<
<
<
<
<
<

U.004
U.U04
O.U(H
0. (()4
u.I X14
0.005

11.002
<0.002
< U.002
O.OIt2
<. 0.002
u.002
0.002
0.002
< 0. 0IJ2
< 0. 002
o. orr2
< 0.~12

0.0112
o 002

O. 0U2
U.W2
< 0. \l,J'2

0.002
u. (MJ2
< 0.Oor2
O. 1~ 13
U. ("2
O. rot
0. 002
0. 003
0.002
O. (1)2

O. ()(r2
O. (HJ2
0. 005
O.11(l'2
< 0. 002
< 0. om
0.00:1

C 1

80,

:,\0,

22. ,

0. 9
O. II
0.9
1.4
0.6
U. 8
U.4
O. ,
0.1
U. -I
1.0
O. g
2. 1
0.9
O. ,

pH

f-
<
<
<
<

0.1
0.1
0.1
0. 1

< V.1
< U. 1
< 0.1
< 0.1
< n.1
< 0.1
< 0.1
< 11.1
< 0.1
< U. 1
<0.1
< 0.1
< U.2

< 0.00,
0. 02
< V. 00;
U. (t2
0.02
0.04
0.03
0.02
0.0'2
0.0'2
0. 000
0.01
U. om
0.0'2
< 0.008
0.01
< 0. 00,

< 0.002

Trace
< 0.002

Trtlce
<0. 002

TraL'''
Trace

<0. 0fJ2

Tr(wt:
< 0.002
< 0. 002
< 0. (J0'2
< 0.002
<O.OOl
<U.002
Tral'l'

< 0.002

0.1
0.1
0.1
0.1
0.1
11.1
0.1
0.1
0.1
0.1
0.1
0.2
0.1
0.2
0.1
U.1
0. 2

14. 0
1,.6
19.0
22.6
14.0
2U.6
26.1
12. 5
II. 9
2-1.5

14. I;
1i . ~
27.4
18.3
24. 1

25.2

5. 7
5. ,
5.6
6.6
5. S
5..,

5. u
5. 1
5.5
5.7
4.4

G. a
,rl. 7
4. 9
(.I. ~

G.O

1.8
1.1

0. 8
-

- --

(3) Scratching or particle embcdment.
induced directly or through temporary changes in
physical properties by:
(1) Temperature changes or excessive temper
ature.
(2) Moisture content changes or extremcs of
moisture content.
(3) Dust and grit abrasion or embedment
causcd by removal of record from jacket,
horizontal stacking, or playback.
(4) Stress.

E.

Compounding and Additives

Degradation may also be induced by deteriora
tion of other constituents of a plastic than the basic
resin, and by the action of the deterioration prod
ucts of other constituents on the basic resin. The
main sources of trouble from these causes are plas
ticizers, fillers, and extenders.
The physical properties of a basic resin are often
not exactly those desired. Cellulose nitrate, for
example, is too tough and brittle for use as a coating
for instantaneous recordings. These properties
may be changed by plasticization. A plastic may
be internally plasticized by the coplynterization
of a foreign monomer into the basic chain molecule
or by a polymer blending. The copolymers or
polyblends are usually as stable as the basic resins.
Plastics may be externally plasticized by a solvent
plasticizer or a softener. The difference between
these two types of external plasticizer might be
compared to the difference lJetween a solution
and a mixture. Loss of an external plasticizer
means a loss of the desirable property for which it
was introduced and, often, a loss in volume of the
plastic. Usually, a solvent plasticized system is
more stable than a softener plasticized system.
Camphor plasticized cellulose nitrate, for example,
is a more stable plastic than castor oil plasticized
cellulose nitrate. This is because camphor forms
a complex with the cellulose nitrate while castor
oil is not chemically combined with the cellulose
nitrate. An external plasticizer may be lost by
volatilization, extraction, exudation, wicking,
chemical degradation or hiological consumption.
External plasticizers are not only lost lJy chemical
degradation, the products of their deterioration
may induce chemical degradation of the basic
resin.
Fillers may be used to modify the physical
properties of a resin (as in shellac) or for economy
(as in some vinyl discs). The more common
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fillers are limestone, clay, cellulosic by-product
Rours, plan t fibres, ancl carbon black. These
fillers are protected from attack by the environment
by their resin coating, bu t can be attacl<ed by
anything which diffuses through the resin. Carbon
black is not only inert but protects the basic resin
against the action of light by absorbing radiant
energy. Limestone is attacked only in the presence
of water. Clay is affected only by changes in
moisture content (a swelling and shrinking response
to such changes). The cellulosic by-product flours
and plant fibers swell and shrink with moisture
changes and, in the presence of moisture, are
chemically attacked by the same agents as are the
basic resins and by the decomposition products of
both resin and plasticizer. Because of the wide
range of kinds and amounts of fillers used, no
general statemcnt about their contribution to the
potential longevity of a plastic can be made.
Fortunately, the same storage environment which
inhibits deteriora tion of the basic resins also
inhihits the deterioration of fillers. Moisture
content control is the most important feature of a
storage environment as far as fillers are concerned.
An extender is an organic material blended with
the basic resin usually for the purpose of economy.
Natural waxes and resins obtained by the destruc
tive distillation of wood or plant fibres are usually
used. In general, they are less stable than the
basic resin and reduce the potential storage life of
the plastic. Again, they are attacked by the same
degradative agents as other organic materials and
their deterioration is inhibited by the same en
vironmental control as should be provided for the
basic resin.
One other possible constituent of plastics which
decreases its potential storage life is residual solvent.
vVhen a plastic article is fabricated by evaporation
of a solvent, some of the solvent is entrapped by the
resin. Because the manufacturer wishes the article
to be immediately usable, the plastic formulation is
usually designed so as to provide the proper phys
ical properties with this amount of residual solvent.
Over a period of time, this residual solvent may
gradually diffuse from the plastic and change its
properties just as does loss of plasticizer. 1 t is, in
fact, difficult to draw a hard and fast line between
a solvent and a plasticizer as far as action goes, but
process solvents must be much more volatile than
are solven t plasticizers, and, hence, are lost by
volatilization in a shorter period of time.
There is one characteristic of sound recording
materials which affects their degradation which

should nor be forgotten. Sound recording media
are designed primarily for fidelity of reproduction
of sound and playback durability. Almost without
exception, the design of a ncw material or type of
sound recordings has been bascd on these consid
erations and economy of manufacture alone. In
usc, these materials reveal their deficiencies, in
cluding those which cause early failure in extended
storage. As these deficiencies are recognized, the
product is improved to provide longer lastillg sound
recordings. As a result, it is very difficult to prc
dict the behavior of today's sound recordings from
those of yesterday, except to guess that thcy will be
better and longcr lasting. Most of these materials
are still in the development stage and a collection
covering but a few years span will include items
supcrficially identical but of vastly different poten
tial longevity.

F.

Fungal Action

An important cause of degradation can be fungal
action. The fungi play an indispensable role in the
carbon cycle on which life is based by converting
the waste products of life into usable compounds
and thereby keeping the building blocks of organic
materials in circulation. In order to do this effi
ciently, they have evolved into a very large and
heterogeneous group of organisms which attack a
tremendous range of organic materials and have an
equally wide range of acceptable environments for
growth and reproduction. Two of their methods
of propagation, by air borne spores and mycelial
fragments, are so efficient that the exposed surface
of any material in ordinary environments is con
tinually being inoculated by a changing variety of
these organisms. Whenever the correct combina
tion of proper organic material, em-ironment, and
organism occurs, growth of the fungus and deg ra
dation of the material results.
It is not surprising to find thar fungi arc a signifi
cant cause of deterioration of the organic ingre
dients used in sound recording materials. There
are, however, a number of features of fungal
activity which are surprising to the non-mycologist.
Not the least of these are some of the manifestations
of fungal dcg radation . for example, one quickly
connects decay of bread with the garden of mold
on its surface, but is not liable to suspect that the
stiffening of his raincoat arises from plasticizer
consumption by an in visible horde of allied organ
isms. Another surprising feature of fungal action
is the variety and kind of chemicals they manu

facture. The fungi must digest their food outside
of their cellular structure and so excrete both
enzymes and acids which attack not only the nu
trient media but other materials. A striking ex
ample of this is the etching of glass by fungi whose
nutrient is an oily fingerprint on the glass. During
the storage life of a sound record, it may be ex
posed to the proper conditions and seriously
damaged by fungi. Inspection of the record at a
later date may reveal the damage but not the
cause since many of the manifestations of fungal
activity duplicate degradation by other agents.
This makes a study of the causes of deterioration
of naturally degraded sound recordings of un
known history very difficult.
A rule-of-thumb for organic materials i~ that
those materials of natural origin or chemically
similar to those of natural origin are more suscep
tible to fungal degradation than are synthetic
materials. This seems to be true with the usual
exceptions to any rule involving fungi. Some
naturally occurring materials (such as the gums of
vegetable origin which remain unaffected by
many years of soil burial before they are harvested)
are very resis tant to fungal damage.
Excellent fungi nutrients have been incorpo
rated into many sound records. These include:
oils, waxes, cellulose, lignin, fatty acids, some
plasticizers, and modified cellulosics. It will be
noted that these materials are used as plasticizers,
fillers, lubricants, and extenders. The basic resins
are fungi resistant with the exception of cellulose
nitrate and cellulose acetate; and cellulose acetate
is the most resistant of the cellulosics. Many of
the packaging materials used in storage provide
carbohydrates, proteins, waxes, cellulose and
lignins for fungi nutrition .
It would seem that a fungicide is needed, and
this approach was studied in this program. A
satisfactory fungicide would have to:
(1) Be non-toxic to humans.
(2) Be toxic to a wide range of fungi.
(3) Have a long, useful life.
(4) Not contribute to the degradation of any
of the many sound recording material
constituents.
Such fungicides are available for incorporation into
a plastic during manufacture and it was thought
that it might be feasible to incorporate such a mate
rial in the jacket or envelope to protect stored discs.
The commercially available fungicides (including
those specifically designed for incorporation into
plastics) were reviewed in an attempt to find a
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material which would meet these requirements.
Those compounds containing copper, zinc, chlori
nated phenols, and acidic radicals were rejected
because of their probable contribution to chemical
degradation of some of the disc plastics. Many
compounds were rejected because of toxicity or
offensive odor. Of the remaining compounds
studied, none possessed the necessary quality of
slow release of a fungicidal ingredient for a long
enough period of time to protect satisfactorily a
disc when incorporated in the packaging material
(Ref 92 contains excellent discussion of this prob
lem). Fortunately, fungi require an adequate
amount of moisture to be active (and destructive)
and the other studies had indicated that environ
mental moisture content should be kept at a level
below that required for fungal activity. The fungus
problem is, therefore, really just more justification
for such environmental moisture content control.
The fungi problem is also an additional argument
for keeping records elean as most dusts and lints
are, to a degree, hygroscopic and tend to maintain
a higher moisture level on a surface than would
otherwise exist there, and fingerprints serve as good
cuI ture media. Other biological agents, such as
bacteria and insects, do not seem to be a problem
for these materials in library environments.

G. Predicting Shelf Life
A fundamental qucstion in any study sllch as this
one is: v\'hat is the potential shelf life of sound
record X stored in an environmcnt Y? The only
known method of obtaining an accurate answer to
such a question is to store sound recorel X in
environment Y and observe the length of time
required for failure . This is, of coursc, an unsati s
factory technique for obtaining the desired an swer,
and so engineers and scientists have developed
techniques for comparing stability or for guessing
or estimating potential life of ma terials. The
accuracy of such a prediction is, of course, depend
ent upon the completeness of knowledge of the mate
rial being investigated.
Because of the great lack of knowledge of the
degradation behavior of any organic material, the
best approximation which can be made for sound
recording materials mu st be couched in such terms
as many years, many decades, or more than a
minimum length of time. An investigator would
not be surprised to find that an organic material
whose lifc he had estimated to be many years was
still in good condition many dccades or even many

12

centuries later. He would properly feel concerned
about the validity of his ""ork only if the material
failed in a few years. It seems only fair to explain
this state of affairs to those readers who need such
predictions in their work but must either do with
out them or accept not completely satisfactory ones.
One of the techniques used for the evaluation of
llfe of a material is artificial aging. Artificial
aging consists of placing the material in an environ
ment which increases the rate of degradation of
the material. Such an environment might pro
vide a greater intensity of ultra violet Jight, a
higher temperature, or a higher concentration oj
a reactive agcnt than the material would normally
be subjectC'd to. The thcoretical basis of artificial
aging is quite sound. Briefly, it is based on the
fact th<lt the occurrence of an event such as the
diffusion of an oxygen molecule to a reaction site,
the breaking of a primary valence bond, or the
movement of a chain segment of a polymer mole
cule with respect to the rest of the molecule depends
on the random move ment of molecules or molecular
segments or the acquisition of sufficient energy by
an atom to surmount a barrier. Such events occur
in accordance with the laws of probability and can
be made to occur more often by increasing the
concentration of reacting consti tuen ts or the energy
available to the system.
Practically, however, there arc two insurmount
able obstacles to obtaining completely accurate
rcsults by this technique. First, the chemical and
physical deterioration of a material consists of
many different kinds of interrelated events which
interact on each other. rt is impossihle to acceler
ate each of the mechanisms to the same degree so
that the natural aging behavior of the material is
perfectly imitated. Secondly, the kinds of aging
rcactions which occur are changcd by sufficiently
intense changes in reaction time or energy content.
r t is generally impossible to determine the poin t
at which the proper limits of acceleration have been
exceeded.
Acceleratcd aging tcchniques are, despite their
deficiencies, valuable tools for comparing stability
of organic materials and for studying the mecha
nisms of degrada tion. The more knowledge that
is available about the natural aging of a material,
the more information can be gained by such tests.
Another tcchnique which is u sed for predicting
long time behavior is extrapolation. This consists
of choosing an index (such as a physical property
or the concentration of a chemical in the material)
and a limiting value of this index which denotes

failure of the material , measuring the change in
value of this index for a pcriod of time, and assum
ing that the change in valuc of thc index will obey
the same rules during the rcmaining life of the
material as it did during the observed period.
There is, obviously, no assurance that one has
chosen the proper index of failure or that th e
rules of behavior of this index have been fully
outlined during the observcd period.
Th ere are other considerations which militate
against a n investigator who attempts to pred ict
long-time storage IJehavior of an organic m a teri a l.
There arc the diffcrenccs in fo r mulation , process
ing, and history of the material which affect its
storage life as well as such items as shapc and size
factors which prevents information gained on the
same material in other applications from hcing
completely applicable to the case at hand.
Perhaps the best illustrative exa mplc of thc diffi
culties involved in prcdicting shelf life of a record
ing medium is that of cellulose nitrate. This m aterial
h as been in use and chemists have been studying
the degradation of this m a terial for nearly a cen
tury. (103) Cellulose nitrate motion picture film
has been stored under known conditions for alJout
half a century and its shelf life has becn studied
for a quarter of a century. (125) This investiga
tion has not been confined to one organization, bu t
has been a subject for intern a tiona l rescarch by
both government and industry. (123) Desp ite
the background of knowl edge resulting from this
experience the re is no mcthod presently availahle
for determining the potential useful life of suc h film
or even a reliable estimate for the maximum period
of time such a film may be safely stored without
testing it for signs of incipient failurc. On thc
credit side of the ledger, laboratory tests have hecn
developed which predict incipient failure and prc
clude loss of the film if thesc tests are made every
one or two years to determine need for copying.
I n a stuel), such as thi s, one cannot dismi ss the
suhject of potential shelf life of sound recordings
by merely saying that no such estimate can be
made. The fact remains that the librarian must
have some basis for determining when to rc-record
in order to preserve valual)lc transcriptions. Each
year that is added to the predicted shelf life of a
record prior to re-recording increascs the cAicicncy
of the librarian 's operation. Therc arc a number
of ra tio nal steps which can be taken as a basis for
re-recording sched ul es .
The first step is to set a mlI1lmUm known life
expectancy. This is a figure which may (or may

not) be far less than the minimum actual life ex
pectancy. It is a figure which can be continuously
revised upwards as experience with and knowledge
of the material increases. One source for such a
figur e is ready at hand; that is, if a stack survey
shows that a certain type of material has been
stored without failure for twenty-five years, one
can logically assign a minimum known life ex pect
ancy figure of twenty-five years to this particular
material in this e nvironment. A librarian can use
such information to preserve precious recordings
b y starting with a twenty-five-ycar re-record c ycle
for this class of material and can gradually increase
the re-record time inte rval as experience with stor
age of thc matcrial increascs. Trivial as this
method seems, i t was the uasis for archival preser
vation in German y (125) during a period when
valuabl e records were lost hy others due to fa ilure
prior to re-recording. This m e thod is expensive
and impractical for larg(' collections but it furnishes
the first approximation for det::rmining record life.
Thc next step in determining minimum known
useful life is equally simple in concept but is more
difficult to appl,... That is to improve the figure
obtained through observation by correlation or
extrapolation. For exa mple, if the mtnlmUm
known lifc of ma terial A is twe nty-five years and
one uses a material B for the same application,
which can be proven to have at least thrice the life
expectancy of A, one ma y safely assign a minimum
known life of seventy-five years to material B.
Another approach to the problem of improving a
minimum known life prediction is: (1) establish
a value of quality of the recording which is con
sidcred sa tisfactory, (2) from observations deter
mine the probable rate of degradation, over a
given interval of time; (3) then from thc rate of
degradation, we could determine how long the
recording would continue to degrade, withou t
falling below the extablished value of quality.
Thcse methods require detailed and complete
knowledge of the behavior of the material and each
area of ig nora nce e nforces a reduction in predicted
life. It is to this step of predicting minimum
known useful life that acceleratcd aging tests are
of importance. By combining such tests with
analysis of naturally agcd matcrials an investigator,
given sufficient time and money, can eventually
derive a very acc urate estimate of the minimum
life expectancy of a material (whether he can keep
up with other investigators busily engagcd in
incrcasing the stability and life expectancy of these
materials is another question).
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After establishing a mInllnUm known life ex
pectancy, two different systems of record preserva
tion ma y be used. The first is to re-record at the
end of this period of time. The second is to begin
a testing schedule at the end of this time to deter
mine when re-recording is required. Neither
system is entirely satisfactory. The first un
doubtedly will result in the loss of many ycars of
useful life and loss of quality of the sound record
ings. The second requires the development of an
appropriate tcst, laboratory facilities, and a
schedule of testing which must be observed.
To gather the knowledge required to establish
an economical minimum known shelf life for sound
recording ma terials together wi th testing schedules
and methods of test for incipient failure would
require an effort of many years duration. It
would involve an analytical survey of records from
many collections and many years of accelerated
aging tests. Such a program was too great an
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undertaking for this project, although it is hoped
much of the project work will serve as a logical
base for such studies. Because of the need for time,
particularly, for accelerated aging studies using
moderately elevated temperatures and modera tely
increased concentrations of reacting agents, such a
project would not involve a concentrated effort
except in the initial stages of work. The most
valuable experiments which could be made could
be expected to run for five to ten years with only
occasional monitoring . One might qucstion this
statement on the basis of the rapid changes and
improvements in sound recording media, i.e ., to
say the materials of today are quite different from
those for which the experiment would have been
conducted 15 years ago. Nevertheless, it is still
believed that we can more accurately assess the
longevity of present day records, on the basis of
the performance of the older materials, than if no
such experiment at all were conducted.

III.

A.

THE STUDY OF PHONOGRAPH DISCS

The Acetate Disc

JvIaterials and Degradation Mechanisms

Instantaneous recordings wcre usually madc on
discs until this medium was supplanted for this
purpose by magnetic tape after World War I I.
These discs have always had to bc designcd as a
compromise between the requirements of ease of
engraving and playback life. This has also in
volved aging qualities. With the improvcment of
engraving styli and appurtenant mechanisms, play
back life has been constantly improved as the coat
ing material has progressed from soft wax, to ethyl
cellulose, to cellulose acetate to nitrocellulose.
From the mid 1930's to the present time, such discs
have been called acetates and made of castor oil
plasticized nitrocellulose lacqucr on a mctal or glass
base. 'W ith the exception of thc war years, when
glass was used as a substitute, aluminum has becn
the preferred core material.
This type of disc is ideal for the purpose of pre
paring electrofonned matrices* for processing discs
and for limited studio use, but has serious disad
vantages for library usc. Howevcr, acetate discs
were the best instantaneous rccording m ed ium for
many years, and so large numbers of these discs
form a significant part of many collections. Even
tually, if the intelligence on them is to be preserved,
they must be re-recorded on a more durable me
dium, because thcy do not have an indefinitely
long storage life. This is an expemivc proccdure,
however, and it is usually dcsirable to delay this as
long as possible. For one thing, the longcr re
recording can be delayed, the marc durable will
probably be the availal)le medium for transcription .
Cellulose nitrate was the first of the modern
plastics, and its invention is often thought of as the
beginning of the plastics industry. It is, unfortu
*Electroformed copper matrices exhibit surface deteriora
ti o n during storage, probably as a result of entrappcd a cid.
Ni ckel matrices, properly made and stored, should have an
indefinitely long storage life. Thi s provides an expensive,
but feasible, means of preserving valuable record ings .

nately, an unstable material. The most important
degrad ati ve reactions are thermal, photo-oxida ti ve,
and hydrolytic decomposition which result in chain
sci ssion or reduction of molecular size. \<Vhile the
decomposition rate is an inherent property of the
pure substance, hydrolysis, the catalytic effect of
products of degTadation, oxygen availability, and
the effects of the matcrials incorporated with the
cellulose nitrate all affect this ratc. (103) The
most significant decomposition product is nitrogen
peroxide which is convcrted into nitrous or nitric
acid in the presence of liquid water and, since an
acid has a catalytic effect on the degradative reac
tions, this is an autocatalytic reaction.
The measurement of denitration is used for assess
ing the stability of nitrocellulose explosives and the
deterioration of cellulose nitrate motion picture
film while the film can still he duplicated. The
same tcsts as are used for cellulose nitrate motion
picture film can be u sed for acetate discs to deter
mine need for re-recording due to incipient failure
caused by degradation of cellulose nitrate. (122,
123)
Unfortunately, the acetate disc formulation in
troduces an additional problem which is not in
volvcd in the deterioration of motion picture fiJm.
The cellulose nitrate motion picturc fiJm is plasti
cized with camphor. Camphor is a solvent plasti
cizer for cellulose nitratc which is not only tena
ciously retained by the cellulose ni trate but whose
loss by diffusion can be reduced by placing cam
phor in the film can; plasticizer loss is not a sig
nificant degrad a tive mechanism, in this case, be
cause the deterioration rate of cellulose nitrate
causes failure while sufficient amounts of camphor
are still held by the film.
Castor oil, (103) the acetate disc plasticizer, is a
softener (al though some of th e modified castor oils
have solvent properties and are retained much
more satisfactorily than raw castor oil) which, in
addition, is used in excess to provide a material soft
enough for the engraving process. There is such
a wide gap between the quantity of plasticizer re
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qui red to provide the physical properties needed
for engraving and the amount required to provide
the properties needed for playback, that a consid
era ble amount of the castor oil can be lost without
damaging pla yback qualities, but the loss of this
plasticizer causes shrinkage of the lacquer coating.
Because the coating is bond ed to the core and can
not shrink, the result is the creation of internal
stresses which result in cracking and peeling of the
coating.
Castor oil is lost from the aCt'tate eli sc in a numher
of ways . It can degrade to form volatile com
pounds, it can be consumed by fun g i, it can exude
and diffuse from the material without chemical
change, it ca n be extracted by water, and it can be
forced ou t of the interstices by the action of the
attractive forces between ni trocellulose molecules
and molecular thermal motion which tend to iJring
the cellulose nitrate molecules closer together .
One phenomenon, noticed in the accelerated aging
tests , was the condensing of castor oil molecul es
into discrete dropl ets in the plastic which resulted
in the formation of " pores" in the disc surface. The
odor observed on opening boxes of acetate di scs
and the oily deposit noticed on the surfaces of stored
di scs is castor oil (with, sometimes, amounts· of
compatible plasticizers which are often used wi th
the castor oil). The gradual loss of plasticizer re
sults in progressive embrittlement a nd , finally,
catastrophic failure of the coating. The ciTects of
loss of plasticizer (and, probably, retained solvent)
were the only effects which affected playi)ack that
were noticed in the accelerated agi ng tests.
Plasticizer loss and deterioration of cellulose
nitrate actually occur simultaneously, of course, and
under actual storage cond itions, the physical and
chemical changes which occur in the coating are
the results of the inter-action of both of these factors.
The oxidation products of the degradation of castor
oil may catalyze denitration of cellulose nitrate, for
example, and the loss in strength occasion ed by
chain sci ssion may hasten failure occasioned by
stresses induced by plasticizer loss. Likewise', the
agents of degradation affect both parameters.
Elevated temperatures accelerate both dcnitration
and plasticizer exudation , for example, while bot h
hydrolysis and plasticizer extraction are induced by
excess moisture. The problem posed here is that,
in storage, it is desirable to remove the products of
decomposition of cellulose nitrate (which requires
air circulation) while, at the same time, it is desir
able to protect the disc from moisture, oxygen ,
atmospheric contaminants, and dust (which re
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quires a barrier between the di sc and the ambient
atmosphere). While it is possible to provide a
system which will accomplish both ends (by using a
circulating nitrogen system with alkaline scrubbers,
for exa mple) such a system is not cconomically
feasible. Where sound recording discs in library
storage are concerned, the choice seems to be
i)etwccn using a record jacket which permits diffu
sion of volatile products of decomposition and a
record jackct which is a barrier against water,
oxygen, and other gases of the stack environment.

Clmnical Analysis to Verify Degradation Theories
If these concepts of th e mechanisms of degrada
tion of aceta te discs arc correct, simple chemica l
tests can he d eveloped to predict incipient coating
failure and a surveillance scheme can be establi shed
for preserving ace tate discs. Also, the optimum
library storage environments arc determined by
these parameters.
Chemical analysis wa s used to check the theories
of degradation of acetate discs and to determine
the feasibility of usi ng chemical tests as indices of
degradation. Two spec imens were chosen for test:
(1) A glass base disc taken from the Library of
Congress shelves which had been maele and
recorded in 1944. The coating had failed
by shrinking, peeling, cracking, and em
bri ttlemen t.
(2) An a luminum base disc mad e in 1958
oi)tained from ordinary commercial sources.
This disc was a standard elise whose original
formulation differs from that of the old
disc by the use of a combination of modirled
castor oil, alkyd resin, and synthetic
plasticizer instead of raw castor oil. (126)
Raw castor oil is more susceptible to oxida
tion, volatilization, polymerization and
cross-linking than the modern plasticizer
complex.
Df'spi tc the difference in formulation s, the
significant degradative mechanisms should be the
same in kind if not in rate.
Nitrocellulose decomposes continuously with
time to give various oxides of nitrogen, which in
turn react with each other, or with oxygen or water
vapor or other materials present in the environ
mcnt. These gases may ca use degeneration in
several wa ys . For example, the>' may react with
water to form nitrous acid (HNO~), nitric acid
(HN0 3), or other acid derivatives of the oxidcs
of nitrogen; these acids, in turn, may act as a
catalyst for the degradation of all the constituents

or they may bring about further polymerization
and/or cross-linking of the nitrocellulose and the
plasticizer, causing embrittlement. In other in
stances they may result in removal of HOH from
within the molecule or cause mild oxidation,
especially to the plasticizer. Finally, they may
cause the cleavage of the cellulose molecule itself
to produce several organic acids.
The plasticizer can also undergo a number of
changes. It may exude or dIffuse from the lacquer
without chemical change or it may polymerize
further and/or cross-link by isomerization, increas
ing the brittleness of the coating. This isomeriza
tion is a result of the shifting of double bonds;
therefore, the difference may show ill the spectra
of the materials. The plasticizer may oxidize to
form an epoxy type compound which will cross
link and cause embrittlement. The polymeric
chain may also be cleaved by air oxidation or by
the action of acid or NO~. There is also the possi
bility that lower molecular weight organic acids
will be formed from the glycol ester by acid
h ydrol ysis.
The dye may be affected by air oxidatioll or acid
hydrolysis. The other constituents of the lacquer
should be relatively stable and inert.
The nitrocellulose coating was stripped from the
base of the record. Olle gram of the material,
weighed to the nearest milligram, was placed in a
Soxhlet extractor with 90 ml of rcagent gradc
acetone and 10 ml of distilled water"' and digested
for 1 hour. The apparatus was allowed to cool
and the pH of the liquid was determined with a
pH meter .
The solutions wcrc evaporoted to dryness O\'er a
steam bath, care being taken not to bake them.
The reSIdue was redissolvcd in aectonc and the
material filtcred tbrough a Seitz cellulosic pressure
filter. Two filter discs were used to obtain good
filtration. Approximately 0.2 psi was uscd 011 the
filter to give a rate of 1 drop every 3 seconds, Thc
color change during the filtration was noted. The
spectra in the visible and near-infrared were run
on this filtrate in a Perkin-Elmer Spectracord
spectrophotometer. (127) The spectrum for purc
acetone was subtracted. Forty drops of the filtrate
were evapordted on to the sodium chloride optical
oisc of an infrared spectrophotometer and the
infrared spectrum was run. Also, similar spectro
grams were run on an acetone solution of the
original nitrocellulosc coating from the records.
*Water was used ror pH measurement.
505970-ri9--4

The results of the testing of the nitrocellulose
records are summarized in Table 3. In almost
every test there is a qualitative difference between
the new and the aged material. It is quite certain
that many of these tests can be developed to give
a quantitative measurement of the state of aging
of a record. The greater acidity of the aged nitro
cellulose is as might be expected from the known
production of nitrous acid and various organic
acids during decomposition. The extract of the
new coating is also slightly acid, which is probably
caused by the hydrolysis of some of the nitro groups
in the nitrocellulose during the extraction. The
difference in acidity can be easiJy determined q uan
titatively. The use of two Seitz cellulose filters,
in a sense, provided a small chromatographis col
umn in which a noticeable separation of compo
nents was achieved during filtration. The charac
teristic yellowing of nitrocellulose with age is ob
served in the deeper colors of the initial stages of
the filtration and also in the greater absorption at
6,000 0 A. The dye appears to separate last.
The infrared spectrum obtained from the extract
of the record material shown in Figure 2 contains
a number of peaks which show a difference between
the new and aged records. The measurement of
these peaks might well be developed into a quanti
tative measure of the aging. The decrease in ab
sorption at 3.43 microns shows a loss of methyl
groups by the aged material. The decrease in the
absorption at 3.53 microns indicates the cleavage
of the plasticizer at the douhle bonds to form sepa,
rate hydrocarbon groups \vhich are lost by evapora
tion. Less absorption of 5.79 microns indicates the
probable loss of the stearate ester (saturated ester)
and conversion of thc plasticizer ester to other po
lymerization products. The broad absorption at
6.0 microns is due primarily to organic nitrates
and indicates that the R-ON0 2 content of the aged
material has definitely been reduced. The reduc
tion of the 6.85 micron absorption band in the
aged record further indicates loss of alkyl groups.
The separate absorption by the new material at
7.79 microns is due to organic nitrate and sub
stantiates loss of nitro groups from the nitrocellulose
as it decomposes. The absorption at 7.83 microns
is due to the ester group and the broad band por
tion is due to the R-ON0 2 ; the reduction in ab
sorption indicated is further evidence of the loss of
these two groups from the aged ma terial.
Spectra were also run on the samples of the orig
inal material which had been dissolved in acetone
bu t no t filtered or otherwise trea ted. Two add i
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TABLE 3.-RESULTS OF TESTS OF Nl:rROCELLULOSE RECORDS
Aged

Weight.. . .. .
. ... ... ... .. .
pH ......................... .
Original Color (after digestion) ..
Pliability .................. .
Filtrate Color, 1 min ...... . . . . .
Filtrate Color, 3 min ...... .. .... .
Filrrate Color,S min . ..... ... . .. .
Filtrate Color, 7 min .. ... . .... .. .
Filtrate Color, 10 min .... .. .
Filtrate Color, 15 min ..... . .
Spcctrographi e Analysis of Filtrate:
Visible . . ................... .
Near-infrared. . . . . . . . . . . . . . ..
Infrared.
. . . . . . . . . . . . . . . ..

Spectrographic Anal ysis of Total
Acetone Soluble Material:
Visible .. . .. .... ... . . ..... . .
Ncar-infrared ... ... .. . . .. .
Infrared.. . .. .. .... .
Chloroform Solution .. . ... .

1.0174. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 1.0762.
4.2. . . . . " .. ".................. ... 5.1.
Blue.
Viokt.
Brittle ....... . . . ... . .... . .. . .. . . ... " Very pliable; bends without break ing.
White. . .
. .. . ...... . . . .. .. ... ... White.
Faint yellow.
White.
Golden.
Faint yellow.
Golden red ...
Grey.
Red ..... '
Red-g rey.
Blue-red ..... .
Pu rple.
Strong absorption at 6000 Angstrom units . Medium absorption at 6000 Angstrom
units .
No significant dilTcrentiation . .... .. . .
a. L ess 3.43 micron absorption ..... . .
b. Less 3.53 mi c ron absorption ......... .
e. Less 5.79 micron absorption ..... .
d. Less 6.00±.2 micron absorption ...... .
e. Less 6.85 micron absorption .. .. .
f. No 7.79 micron absorption .. ... .. .... Separate 7.79 microns.
g. Considerably less 7.83 micron absorp
tion .

Considerable 7000 Angstroms absorption ..
More 17,500 Angstroms .. ... .... .
Co nsiderable 2.8-3.2 microns ..
Blue color; slowly forms; no plasticizer ex
trac ted no 5.75 micron absorption.

tional absorption bands were noted by this means.
The increased absorption at 17,500 0 A indicates
the presence of more cyclic or cross-linked mole
cules and that further polymerization of the plasti
cizer has taken place. The strong al)sorption at
2.8-3.2 microns in the aged material is due to an
increase in the organic acids, especially acetic acid.
The chloroform extraction showed further points
of difference. Th e aged coating rel eases dye which
indicates that the dye has been altered to become
soluble as the new coating did not release its dye.
The absence of plasticizer in the extract from the
old coating shows that the plasticizer which had
exuded had evaporated and the remaining plasti
cizer had furthcr polymerized and was no longer
soluble in the chloroform.
Definite and measurable chemical differ ences
exist between the new and old nitrocellulose discs.
These differences develop llcfore any outward signs
of degeneration or loss in playing quality is mani
fest. 1 t should be possible to develop these tests to
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New

:tvfedium 7000 Angstroms absorption.
Medium 2.8-3.2 microns.
Yellow color; quickly di sperses; plasti
cizer extracted; some 5.75 micron
absorption .

the point where the remaining useful shelf life of a
batch of records can be predicted before signs of
physical degeneration are apparent. Specific ana·
lytical tes ts which offer promise as indices of in
cipient degradation are measurements of plasticizer
concentration and nitrocellulose denitration. Ad
ditional work is required to key these chemical tests
quantitatively to the degradation of discs.
Accelerated Agmg T ests
The naturally deteriorated acetate disc chosen for
chemical analysis provided valuable evidence as to
the mechanism.~ of storage degradation. Along
side it in the stacks of the Lil)rary of Congress 'oNere
discs of similar maTJufacture and age which are still
in good, playable condition. Lacking the com
plete history of these discs, it is impossible to do
other than catalog the manifestations of degrada
tion from a study of them. The determination of
the causes of deterioration, the knowledge of which
is so essential to establishing techniques for pre
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venting or inhibiting degradation, involves both
linking of cause to effect and the elimination of
possible alternate causative factors. In the ab
sence of sufficient information about the natural
aging of discs it was necessary to use accelerated
agin~ techniques and to attempt to correlate the
results of these tests with the manifestations of aging
observed in the stored discs.
The specimens provided by the Library of Con
gress were regular acetate discs obtained from ordi
nary commercial outlets. Master discs wcre 12 in.
double faced regulars picked for smoothness of
coating. The specimens were as follO\vs:
(1) 12 in. and 16 in. double faced regular
blanks.
(2) 12 in. 78 rpm and 16 in. 33H rpm discs
precut on both sides with unmodulated
grooves at 88,104,112, and 120 times per
inch.
(3) Standard frequency test discs: 12 in. 78
rpm at 104 lines per inch, 12 in. and 16 in.
33 %rpm at 128 lines per inch, all recorded
with fixed frequencies of,], 2, 3, 4, 5, G, 7,
8,9, and 10 KC.
(4) Constant amplitude test discs: 12 in. 78
rpm and 33 % rpm at 96 lines per inch,
recorded with fixed frequencies of 50, 100,
200, 300, 400, and 1000 cps.
The first tests made "vcre exploratory in nature.
As has been previously noted, laiJoratory studies
of aging of organic materials arc based on the work
at thc Bureau of Standards which began with the
study of paper and included work I)y Hill and
Weber (122) on cellulosc nitrate motion picture
film. Hill and Wel)cr found that aging in a dry
oven at 212 0 f for 10 days produced much the
same result for cellulose nitrate film as did natural
aging to failure; they also found that deterioration
was tremendously accelerated by thermal aging at
high humidity in a stagnant atmosphere at 212 0 F
(viscosity measurements indicated that chain scis
sion \o\hich obtained in three days at high humidity
required thirty days at low humidity).
This temperature proved to be excessive for
acetate discs because of the profuse exudation of
liquid plasticizer at this temperature which did
not cause coating failure but did destroy tonal
fidelity. Although other measurements could not
be made, significant denitration of the nitro cellu
lose was indicated after five days' exposure to 212 0
F in a dry atmosphere by the change in color of
light transmitted through coating stripped off of
the discs to a green indicating the presence of
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nitrous compounds while the coating still main
tained its integrity. Exposure to 212 0 F at 100%
humidity resulted in extremely rapid coating fail
ure. Since this temperature was excessive for
correlation of results with natural aging, progres
sively lower temperatures were used until the
results ol)tained were more nearly comparable to
the effects of natural aging observed in stored discs.
'Nhen 150 0 F had been found to be the maximu m
tempet'ature to which these discs could be exposed
withou t the occurrence of gross changcs not cor
rclable with the manifestations of shelf aging,
accelc ra ted agi ng tes ts were begu n.
These tests consisted of exposing test discs to
extremcs of temperature and humidity, to cyclic
changes in temperature and humidity, and to ultra
violet light. The discs were inspected for changes
in lacquer coating weight, appearance, and con
tinuity as well as for changes in playback fidelity.
The equipment used for accelerated aging tests
and inspection as well as the techniques of inspec
tion are presented in the Appendix of this report.
The purpose of these tests was to determine what
changes in playback quality result from the chcmi
cal and physical changes which occur during shelf
aging and to correlate these changes with environ
mental factors. This required the reproduction
of the manifestations of shelf aging within the time
allotcd for testing.
It became apparent during testing that presently
made acetates are far more resistant to chemical
deterioration than had been expected and that
using unmodulated groove and sine wave test
frequencies produced somewhat unrealistic results
bccause the stylus, during playback, wipcd out
the irregularities in the groove walls caused by
aging. It appears that quantitative tests which
could be used for prediction of life under normal
conditions would require the use of more complex
wave forms (such as arc actually used in music and
speech records) and much longer exposure times
(of the order of five years) to milder aging condi
tions (maximum temperature 100 0 F). It also
seems evident that there is sufficient difference in
the stability of modern and obsolete lacquer
formulations to justify separate consideration of
the two types of discs.
The biggest difference between these two types
of discs seems to be in stability and retention of
plasticizer. ' ,Vhile no new specimens of the old
formulation were available for testing, chemical
reasoning indicates that raw castor oil is quite
susceptible to oxidation (as was noted in the ehemi

TABLE 4.-RESULTS OF ACCELERATED AGING OF ACETATE DISCS
7. Constallt Temp erature alld Humidity Tes!s

Discs T es ted *

Temp

2-AX and 2-AV ... . ..
2-BX and 2-BY .. ' .. .
2-AX and
4-BX and
2-AX and
2-BX and
2- AX and

2-A Y ... .. .
4- BY .. . . .
2-A Y ... . . .
2-BY ... ...
2- A Y ....

Time

Humidity
R .H.

120 0 F
135 0 F

1 mo
1 mo

> 90 %
90 %

150 0
150 0
120 0
150 0
150 0

1 mo
1 wk
1 mo
1 mo
1 mC)

90%
> 90lj;,

F
F
F
F
F

~

> 90170
< W70
10 %

Air

Results

Circulating ....... Noi se + 4 db.
Circulating ....... No chg in freq Or di stortion; some coating
failur e.
Circulating ... . ... Noise+7 db.
Stagnant .. ... . .
Coating failure.
Stagnant ......... Coating failure .
Circulating .. .. . .. No chg in freq or distortion.
Stagnant .. ..
Noise+ 7 db aftcr removing oil.

2. Constant Temperature with Humidity Changed Each 24 Hours-Air Circulating
Discs Tcstcd *

Temp

Time

High
Humidity

Low
Humidity

90%
90%
90%

10 %
10 %

Results

- - - -2-AX and 2-A Y ... .. . . ... . . . . . .. .
2-AX and 2-A Y.
... . ...
2-BX and 2-BY ... .. . . , .. . ..

120 0 F
150 0 F
150 0 F

1 rno
1 rno
1 mo

1010

Noise+4 db.
Noise+7 db.
No chg in freq or distortion.

3. Constant Humidity with Tcmprrature Changed Each 24 Hours--Air Circulating

_ _.
..

Discs Tested*

2-AX and 2-A Y ......... .........
2- BX and 2- BY ........ . . . . . . . . . .

High
Temp

120 0 F
120 0 F

Low
Temp

-40 0 F
-40 0 F

Time

1 mo
1 mo

Humidity

10 %
10%

Results

No change.
No change.

4. U. V. Exposure Only
70 0 F, 50% R. H., 2-BX for 1 mo, no change in frequency, distortion or noise.
*A- unmodlilated groove disc.
B- tes t fr equency disc.
X - ncw di sc.
V-new di sc exposed to 24 hours Ultraviolet light before test.

cal analysis discussion) and volatilizalion. Speci
mens of the new formulation were subjected to
accelerated oxidation tests* but no evidence of
*This test consisted of placing specimens in an oxygen
bomb (a closed stainless steel pressure vessel) with an
atmosphere of pure oxygen at 100 psi pressure. This bomb
is placed in a constant temperature watcr bath and is
connected to a recording pressure gauge. Reaction be
twecn specimen and oxygen is indicated by specimen weight
changes, drop in pressure during' test, or changes in speci
men properties. The acetatc specimens were exposed to
100 psi of oxygen at 120 0 F for periods of 24,100,250, and
750 hours with no measurable oxidative reaction occurring.
A.S.T.M. D572-48 depicts an oxygen bomb of the type
used in this test.

oxidation was noted. In addition, the loss in
weight after exposure at 212 0 F, 0% R.H., in
circulating air, for two weeks corresponded to a
loss of only 25% of the castor oil in the coating
which is a much smaller loss than would be ex
pected from the old formulation. [t is realized
that these tests are far insufficient, both in scope
and measurement of parameters, to provide a
scientific basis for an adequate theory of the degra
dation of acetate discs. They do, however, provide
quite a bit of useful information; this information,
when correlated with the observations of others,
gives an indication of what can be expected from
these discs.
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Results of accelerated aging of unmodulated groove acetate discs.
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Results of accelerated aging of unmodulated groove acetate discs-Continued.

Observations Regarding Aging
Latham (63) and others have obscrvcd that ace
tate discs "dry out" or losc plasticizer during the
first part of thcir shelf life and that this is mani
fested by an increase in noise but no other observed
changes in fidelity; in addition, this is the only
manifestation of aging observed in 15 years' his
tories of these discs (except for occasional and
erratic coating failures). This is also the only
manifestation of aging observed in the tests and,
furthcrmore, the magnitude of the increase in
noise is the same as was observed by Latham in
shelf aging. Microscopic inspection of the discs
indicate that this increase in noise is probably occa
sioned by the shrinking of the coating which ex
poses small nodules of imperfectl y dispersed carbon
black or other solid material as well as by the
formation of minute pores due to exudation of
plasticizer. The plasticizer is incorporated into
the new diSC in such excess that about 25 percent
of it may be lost without serious damage to the

playback qualities of the disc. Oxidation and
dcnilration do not seem to playa significant role
in this manifestation of aging.
The final manifestation of aging seems to be
catastrophic failure by loss of coating continuity and
by delamination. While this has in some instances
been observed to occur in less than 15 years, such
occurrence is so erratic that it is presumed to result
from poor fabrication or exposure to fungal at tack
or extremcs of tempcrature and humidity. In
longer time storage, both plasticizer loss and
chemical degradation of ccllu lose nitrate rccordings,
embrittlement so serious that it prevents successful
replay may precede coating failure; the possibility
of this happening cannot be dctermined from these
tests. The potential longevity of these discs is prob
ably somewhat less than that of cellulose nitrate
motion picture film (which is of the order of half a
century) (123) both because of the pbsticizer used
and because a low viscosity cellulose nitrate (with
less inherent stability) is probably used in most
lacquer formulations.
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In years, under ordinary storage conditions, the
well-made discs of the older formulations have a
minimum !mown life expectancy of about 15 years .
This figure was obtai.ned from the inspection of
discs stored by the Library of Congress under the
environmental conditions previously outlined as
well as the experience of the USN Underwater
Sound Laboratory (63) and others. Modern discs
should have a longer life than these specimens.
Even the modern discs, however, cannot be con
sidered to have indefinitely long shelf lives because
of the known instability of the material (103) (123)
and must eventually be re-recorded if the intelli
gence on them is to be preserved. The differences
which exist between acetate discs caused both by
fabrication and environmental history rule out the
usc of chronological age as a criterion for prediction
of failure, and the development of simple chemical
analytical tests is recommended.

B.

The Shellac and Shellac Type Disc

General
The shellac and shellac type formulation is used
for pressing normal groove discs. Of historical
interest are the shellac laminates which consisted
of a structural core made of such materials as
cardboard or a thermosetting resin coated wi th a
soft shellac-wax material into which the grooves
were pressed. This is not an efficient process,
however, and it was early supplanted by a molding
compound consisti ng of an aggregate (such as wood
or rock flour) bound together and protected by
synthetic or natural resins and waxes. Since
shellac was the only thermoplastic resin available,
at the time, which would withstand molding
temperatures, it was used in the pressing of the
first such discs and its excellent properties assured
its continued usc until the normal groove disc was
supplanted by the microgroove disc for quality
sound recordings. Even during the period of
shellac dominance as a binder material, however,
the vagaries of the shdlac market resulted in the
usc of other resins by many manufacturers. At
the present time, normal groove discs usc such
materials as Vinsol, \falite , vinyl c hloride-acetate,
and other commercial resins for a binder in stead
of shellac. I t is, unfortunately, often difficuJ t to
distinguish between shellac and shcllac type discs
by inspection, and even most quality disc manu
facturers extend shellac up to 200 percent with
materials of inferior aging qualities. This, to
gether with the wide variety of formulations and
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ingredients used, make it almost impossible to make
any statement abo ut these discs which would be
valid for all such discs found in a single collection.
Nevertheless, libraries have important collec
tions of normal groove discs whose preservation is
important. Many of these discs have survived for
half a century and appear to be still in excellent
condition, while some of them have deteriorated
in less than a decade . It is hard to determine the
cause of this degradation in most cases. In ordi
nary environments, storage stabi lity of cellulosic
flours and fibers ranges from good to terrible,
of clays and ground slate from excellent to good,
and mineral flours generally arc rated as excellent.
Likewise, the waxes of vegetable alld mineral
origin exhibit a wide variation in stability as do
the resins used as extenders or substi tutes. All of
these materials are most sensitive to environmental
factors.

Labo/atolY Investigations
Three typical formulations were chosen for study
in this program. The shellac formulation studied
was:
Flake Shellac ... .
Congo Gum .... .
Vinsol Resin . . .
Carbon Black (low oil content) ..
Zinc Stearate . ...... . .
Whiting (CaC0 3 passing #400
mcsh).
Aluminum Silicate (passing #400
mesh).
Flock (long fiher). . . . . . . . .

15.63 ')i' by wcight.
6.5 1 % by weight.
5.86% by weight.
2.61 S;,
' by weight.
0.32'l(, by weight.
52.13% by weight.
13.03% by weight.
3. 9t '70 by weigh t.

I n addition, two shellac type formulations (D & E
of the fungus study) which used crushed limestone
as aggregate and vinyl chloride-acetate or resins
ohtained by the destructive distillation of wood and
other cellu losic materials were studied.
Two factors contribute to the dimensional stahil
ity of all discs of this type. First is the aggregate
which reduces the thermal coefficient of expansion
of the material as well as provid ing added strength .
Second is the greater thickness of these discs.
nilTI(~.nsional stahility is often impaired by the
sensitiveness of some of the aggregates to moisture
and the loss of waxes and oils which occurs during
aging.
No elaborate tests were mack on these discs be
cause it was felt that the results thereof would not
be applicable to a collection of discs. They were
exposed along with the plastic discs to fungal action
(see Fungus Study), elevated temperature, high
humidity, and cyclic variations of temperature and

humidity for one month periods. The shellac type
formulation of crushed limestone and vinyl chloride
acetate proved just as stable as did the unfilled
vinyl chloride-acetate discs (sec Plastic Disc,
Section C) and exhibited greater dimcnsional
stability. The infcrior shellac type formul a tion
proved to have good dimensional stability bu t
displayed random embrittlement when exposcd to
high humidity and temperature environments.
This latter formulation also was quite susceptible to
funga l attack.
The shellac disc was studied in somewhat more
detail than the shellac type discs The first test
made was to determinc the state of " cure" of the
shellac. "Cured" shellac has both th ermoplastic
and thermosctting properties, and the degree of
each type of behavior exhibited by a given sample
is a function of completeness of "cure." Raw
shellac is a solid solution of a number of organic
compounds and reacts to an applied stress as does
a very viscous liquid. During processing and aging,
the condensation reaction between the organic
compounds results in an increase in average molecu
lar weight and cross-linking between molecules.
The reaction is called "curing."
The physical properties of raw shellac and com
pletely "cured" shellac are guite different. The
most important of these properties, as far as phono
graph discs are concerned, are elasticity and
brittleness. Raw shellac is easily deformed and
flows readily . Completely cured shellac deforms
far less readily, is much more elastic, and is much
more brittle. In addition, the "curing" process
results in a denser resin which means that the
"curing" process involves shrinkage of the material.
This condensation reaction appears to be the
most important aging mechanism of thc shelJac in
these discs. It is an internal reaction of the ma
terial and its rate is a function of storage tempera
ture, storage humidity, and completeness of
" cure." * A semi-quantitative measure of "curing"
is thc solubility of shellac in alcohol. Raw shellac
is completely soluble, completely " cured" shellac
is insoluble, and the extent to which condensa tion
has proceeded de termines the degree of solubility
of a shellac. The shellac of the test discs proved
to be completely soluble in alcohol and became
*AlI other things being equal, the rate of a reaction is a
function of the concentration of potential reacting elements.
In trus case, each condensation reaction which OCCurs re
duccs the concentration of potential rea cting clements and
thus thc reaction rate for this internal reaction decreases
exponentially as the reaction proceeds.
505970-59--5

insoluble after thermal aging. I t was concluded
that the shellac in newly pressed discs approxi
mates raw shellac in degTee of condensation.
From a qualitative standpoint, this means that:
1. Since raw shellac behaves as a viscous liquid
a nd exhibits but little elasticity, there can be no
significant internal stresses or strains in a freshly
presscd shellac disc.
2. As this condensation reaction proceeds in a
stored disc, the disc will become less resilient and
more brittle.
3. Freshly pressed discs can be easily warped and
s traigh tened, bu t aged discs, bec ause of the cross
linking, will resist both warping and straightening.
4. There will be some dimensional changes dur
ing aging, but, because of the high percentage of
fillcr, these will probably be minor changes.
In order to check these hypotheses, a group of
simple laboratory experiments were made.
1. New discs were placed horizontally on a plate
in a chamber alongside new vinyl discs and the
temperature of the chamber was gradually raised
to the softening point of the material (gauged by
placing a disc in the off-vertical position and ob
serving the temperature at which it warped from
gravity loads in less than 15 minutes) . The vinyl
discs warped as shown in Figure 15 but the shellac
discs did not.
2. The temperature of the discs was raised to and
maintained at 150 0 F for one week. At the end of
this time, the discs were removed and compared
with new discs. The material of the aged discs
was stronger, but much more brittle than that of
the new discs.
3. A group of new shellac discs were intentionally
warped by gravity loads applied by clamping the
discs in a jig. Some of these warped discs were
aged in the jig at 120 0 F and 100 percent R.H. for
one week while the others were kept at room tem
perature. At the end of thig period all of the discs
had the same amount of warp and they were then
placed horizontally on metal plates in a chamber
in which the temperature was gradually raised to
120 0 .P. The shellac discs which had not been
aged were perfectly flat by the time the chamber
came to temperature while the artificially aged
discs retained some of the initial warp even after
several hours exposure.
4. No noticeabl e changes in fid elity were ob
served to result from the mild acceleration of aging
possible with th ese discs. Extreme conditions of
temperature and humidity resulted in quick failure
of the material by embrittlement.
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5. These discs proved susceptible to fungal attack,
this is probably due to the nutrimcnt furni~hcd by
the organic materials other than shellac as the
literature indicates shellac is fungi resistant.
A study of shellac formulations indicated that
it would hc useless to attempt tu undertnke any
quantilative study of the propcrties of new ur ngcd
shellac discs hecause there is no such thing as a
"typical" shellnc formula tion. Most popular discs
made prior to 'World "Var II arc usually elassifIed
as shellacs, and these discs havc only one thing- in
common; they consist of a large amount of aggrc
gate with a small amount of a natural or synthetic
cemenling agent. If one assumes tha t most of
these discs contain shellac, one is still faced wilh
the fact that shellac varics tremenelously in its
properties and that it often comprises only olle
third of the actual cemcnting agent uscd. In
addition, the disc properties arc as much a function
of the filler as they are of the cemcnting agent and
the fillers used run the gamut of natural cellulosic
materials as well as of mincrals. Of lwelve old
"shellacs" taken from thc shelves of the Lihrary
of Congress for study, three of them contained no
shellac at all; three contained 12 percent I)y weight
of shellac with a mixture of 15 percent of other
resins and gums; and the composilion of the other
discs is unknown, * This variation in composition
was due to both experimcntation on the part of
manufacturers and the fluctuations of the shellac
market.
One cannot, therefore, expect consistent behavior
of stored shellac or shellac type discs. In general,
they seem to have long storage lives if properly
protected against the deleterious effects of moisture,
heat, oxygen, fungi, and stress. The major differ
ences between shellac and the vinyl shellac type
formulations, as far as storage is concerncd, are:
1. Shellac discs are far more subject to damage
by moisture (moisture increases the condensation
reaction rate).
2. The extendcrs and modifiers uscd wilh shellac
are far more susceptible to fungal damage tban is
pure vinyl.
3. The reaction rate of the major mechanism of
chemical dcgradalion of shellac decreases as thc
reaction approaches equilibrium while the corre
sponding reaction rate of vinyl is self-catalyzing.
This indicates a slow, progressive embrilliement of
the shellac disc as a mode of failure in a good
storage environment as opposed to the increasingly
*From correspondence with disc manu[aeturers.
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rapid embrittlcmcnt of a vinyl disc at the end of its
storage lifc. The behavior of the other forl1lul<ltions
is completely unprcdiclable, and it can only be
hoped that the very unstable formulations form but
a slilall portion of any collection of discs. The
only survcillancc scheme which seems to bc ap
plicable to these discs consists of using skilled judg
lllent to detcrnline when a disc has become so cm
brittlcd that it should be re-rccorded. Such Clll
hrittlement is often noticcd by the decrease in
flexibility of a disc or by playback (with good
equipment) restllting in disc wear so serious that
the powder will dirl)' a soft white cloth wiped across
the surface.

C. The Plastic Disc
Materials

The long playing (or microgroove) plastic disc
cannot be regardcd as just an improved shellac
lype disc in a study of the storage and preservation
of sound recordings. The shellac typc disc is made
of 70 percent or more of a mineral or cellulosic ag
gregate which is bound together and protected \)y
rcsins and waxes. The nature of the binder is im
portant in determining the physical properties and
rcsponse to aging of these discs, but these qualities
are more dependent on the other constituents than
on the binder. The plastic disc is made of a
thcrmoplastic into which no more than 25 percent
of a filler or extender may be added for the purpose
of decreasing the cost of the disc. The resin is all
important in determining the physical propertiC's
and response to aging of these discs al though their
quality and storage life may be impaired by the
use of fillers and extenders.
Plastic discs arc made of polyvinyl chloride or
polystyrene. Production costs of injection-molded
polystyrenc discs arc lower than those of compres
sion-molded polyvinyl chloride discs for large
runs, but require a larger inilial capital outlay.
At present, polystyrene represents but a small
proportion of the total stored disc population and
was not studied in this program. A cursory com
parison of the two materials indicates that the
same storage environments and techniques which
are rccommended for polyvinyl chloride discs arc
indicated for Polyslyrene discs. The polyblend
used for styrene discs seems to be somC'wha t more
susceptible to oxidative degradation than the co
polymer used for vinyl discs. At present, indica
tions arc that styrene will beC0111e a more common
disc material in the fu ture

Polyvinyl chloride (PVC) is a synthetic resin
which has been commercially produced in the
United States for about 25 years. In the sound
recording industry PVC is used in the manufacture
of phonograph discs, magnetic tape backing, and
magnetic tape binder. PVC is used as a binder
in 78 RPM shellac type discs and for the manu
facture of long playing (L.P.) plastic discs.
Figure 4 depicts a segment of the PVC molecule.
The basic unit of this molecule is shown between
dashed lines and the number of these units in one
molecule (or 7/, the degree of polymerization) is
usually of the order of 1000 or 2000. The long
chain PVC molecules are randomly oriented,
curled and intertangled together to form the plastic.
The individual molecules are not bound to each
other by primary valence bonds (except when cross
linking occurs as a result of aging) but by relatively
weak intermolecular forces. These forces are too
great to provide a plastic having the exact physical
properties required for the desired application, and
internal plasticization is used to provide a resin
whose properties are satisfactory for the pressing

of L.P. discs. This is accomplished by copoly
merizing vinyl acetate with the vinyl chloride
using a mass ratio of about 15 to 85.
Polyvinyl chloride degrades chemically when ex
posed to ultraviolet light or to heat. (84) (86) (87)
(91) (105) (109) (111) Phonograph discs need not
be exposed to direct sunlight or other UV sources
but they are exposed to heat in both processing and
storage. Thermal degradation begins as dehydro
chlorination which forms double bonds
(

H

H

Cl H

H

~-gl~-~-~-gl

H

H

H

2H Cl+-C-G-C-C=C-).
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The first HCI molecules are probably lost because
of impurities or the deviations from theoretical PVC
molecular struc ture which occur in actual polymers
and progressive dehydrochlorination is activated by
the double bonds in the chain. The double bonds
are sites for oxidative attack and cross-linking.
Cross-linking is the binding of adjacent chain mole
cules together by primary valence bonds and is
manifested by embrittlement, warping and crack
ing. The fre e hydrogen chloride evolved is a uni-
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Figure

4. PVC molecule.
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form catalyst for further dehydrochlorination so
that a chain degradative reaction rcsults (unless
HCI is removed from the system). At processing
and molding temperatures, the dehydrochlorina tion
reaction rate becomes so rapid that PVC is notice
ably degraded at the end of the molding q'C1e un
less it is properly stabilized. Stabilization is ac
complished by adding a chemical to the resin which
does not prevent the degradation but controls it
mainly by consuming the free HCI evolved. Suffi
cient effective stabilizer remains in " plastic phono
graph disc to protect it for a very long time after
pressing. In fact, the reaction rates are so slow
that no discs were found in the eXi'mination of
stored discs which had failed by chemical deterio
ration.

Study oj Aging by Chemical Analysis
Chemical analysis was used to study the internal
chemical reactions of vinyl discs. For this purpose,
vinyl discs of identical formulation were obtained;
an old disc pressed in 1949 and in excellent condi·
tion and a newly pressed disc. The discs were
made of unfilled vinyl chloride-acetatc copolymt'r
with carbon black serving 8S a pigment and light
stabilizer. The vinyl chloride-acetate copolymcr
dccomposes in a number of ways which should
leave chcmical evidence. An initial dccomposi
tion stage is dchydrohalogcnation in which the H
and CI are stripped off with the formation of HC!.
In a similar manner, the acetate groups may also
be removed. These acids are also formed in the
first stage of hydrolysis. Further hydrolysis may
yield olefins, cyclic compounds or aromatic com
pounds. Air oxidation may bring about thc forma
: tion of epoxy-type polymers which are easily cross
linked to form brittle products. Oxidation of the
long chain polymer in the middle of the chain may
give ketones; and mild oxidation of straight chains
may give aleohols. Tribasic lead sulfate was used
as a stabilizer for the vinyl plastic to neu tralize the
free acids and lead steara te was used as a lu briean t
and secondary stabilizer.
Samples of the vinyl discs were crushed and 3
grams of the material, weighted to the nearest
milligram, were placed in a Soxhlet extractor wi th
90 ml of reagen t grade acetone and 10 ml of dis
tilled water, * and digested for one hour. The
*The use of the mixture of aeetone and water has eertain
advantages over the use of either solvent alone . "Yater alone
would do little extracting of the vinyl copolymer; acetone
alone would not be a good medium for measuring pH.
Acetone would dissolve the vinyl plastic and make the sepa·
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apparatus was allowed to cool and the pH of the
liquid was determined with a pH meter and then
the samples were evaporated almost to dryness.
A small quantity of the residue was removed on a
spatula and the physical appearance was observed.
Comparative melting points were observed by
heating the material on the spatula. The heating
was continued and the flame color, smoke, and
residue were observed. The residues were dried in
an oven at 110 0 C for 15 minutes and weighed and
the odor observed. The weight of this residue was
then calculated as percent of water soluble material
in the record. The residue was redissolved in 100
ml of acetone and fil tered through the Sci tz fil ter to
remove the carbon black and lead salts. The
filtrate was evaporated over a steam bath, then
dried in an oven at 65 0 C for 30 minutes. This
residue was dissolved in chloroform and an infrared
spectrum run.
The results of the testing of the vinyl chloride
acetate records arc summarized in Table 5. As
with nitrocellulose records, there are definite
differences between the old and new records in
every case. Because the mechanisms of degradation
are different, some of the trends in the data are
in the opposite direction but are subject to reason
able interpretation. The acids liberated in the
decomposition of the vinyl plastic must be thoroughly
scavenged by the lead stabilizers as the pH of the
old material is higher than that of the new. The
low pH of the extract of the new record is probably
due to thc hydrolysis of some of the lead salts.
There are indications from the physical examina
tion of the extract residue that thc material from
the old record contains considera ble aromatic mat
ter. The orange sooty flame and tlte phenolic
smell are indicative of aroma tic character, whereas
the yellow, clean flame and the odor of palmitic
acid would indicate straight chain hydrocarbons.
I t is well known that vinyl polymers undergo loss
of Hand CI to leave unsaturated bonds . It is
possible to postulate the formation of aromatic
eornpounds by a ring closure involving these bonds.
The palmitic acid could be formed easily by the
heta oxidation of the stearic acid formed from the
lead stearate.
The infrared spectra of the two materials shown
in Figure 5 may furnish thc most accurate basis for
establishing a quantitative measure of the degree
ration of the individual constituents more difficult. "Yith
the mixed solvent, water soluble materials are separated
without dissolving th(' vinyl and dispersing the earbon black
and lead sal ts.

TABLE 5.-RESULTS OF TESTS ON VINYL CHLORIDE-ACETATE DISCS
Aged Re cord

Weight ....

pH ... . . . ... . .. . . ... . ... . . . . . . .

Physical Properties of H 20 Extract:
Appearance, consistency ....
Colo r . .. '"
Odor ........ .
Melting point . .. .. . ..... . . .. .
Flamc color .. . .
Smoke .... . .
Re.~idu e ... '" . . . .
Odor after drying . .. . . ...... .
% H 2 0 Extract .... .
Infrared Absorption.

1.
2.
3.
1.
2.
3.

2.8835 g.
3.3308 g.
4.1495g .
Lost . . . . . . .. . . . .. .
6.8 5 .... .
6.85 . . ....... .

New Record

2.3572.
3.3408.
4.1646.
5.4.
5.5.
5.7.

smooth, waxey.
salmon pink ..
aromatic .. .
slightly above room temp.
orange . . . .
sooty ...... .
vcry slight, whitc ..
phen ol .. .
2.7 ........ .. . '
more 3.33 mi cro n.
considerably more.
3.45 mi cron.
considerably marc.
3.55 micron.
considerably more.
5.75 micron.
co nsiderably mor~ .
5.83 micron .
more 7.00±.2 micron.
more 7.30 micron.
more 7.55 micron .

gelatinous, gri tty .
pale yellow.
slightly sour.
somewhat higher than aged record.
yellow.
none.
small amount, white.
palmitic acid.
4.8.

more 8.23, 8.27 micron.
wi th separate fingers.
more 12.7 to 13.2.
micron absorption.

to which decom position has taken place, but its
utility is probably restricted to rescCl rch allCllyses.
The absorption at 3.33 a nd the broadlland absorp
tion at 7.0 indicates that the old sample contains
more olen.ns tha n the new material and substan
tiates the other indications of increasing unsatura
tion . The increase in absorption a t 3.45, 3.S 5,
7.30, and 7.55 microns denotes an in crease in alkyl
groups from further polymerization a nd cross-link
ing of the aged vinyl copolymer and the forIl1CltiOll
of oxidation produc ts. The a hsorption at S.75
microns is due to esters. The acetate es ter is
present in both , hut the loss of HCl would tend to
increase the proportion of the acetate . Also, addi
tional esters may he synthesized from the decom
position products. The increClse in the absorption
at 5.83 microns by the old vinyl shmvs the presence
of carbonyl groups. The carbonyl group is known
to be present during the second stage of oxidative
degradation, and this a bsorption band might well

serve as a n indica tor of the condition of the records .
The grea ter absorption by the new material at 8.23,
8.2 7, and 12.7 to 13.2 microns is due to the presence
of a greater amount of organic chloride. It is
evident this reaction may be the primary degrada
tion that is ta king place.
These experiments justify the conclusion that a
promising index of th e chemical degradation of
PVC discs is the d etermination of free HCI and
ionic chloride and that a simple analytical tech
nique (111) analogous to th e alizarin red technique
for nitrocellulose motion pic ture film (123) cou ld
be developed to determine degree of degradation .
Exploratory accelerated aging tests, using the
equipmellt and techniques described in Appendix
A, were used in a n attempt to determine fidelity
changes induced in vin yl discs by chemical deg
radation. No change in signal or noise was
found to result from prolonged exposure to aging
en vironments which did not induce failure of the
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disc from other causcs. * vVhcn the exploratory
tests failed to reveal significant chemical degrada
tion within the limits of acceleration permitted by
other paramctcrs, a theoretical analysis of degrada
tion rate was made using information available
from the litera ture (105) (111) as well as informa
tion provided in priva te communications from
manufacturers of the basic polymer. Thi~ analysis
dell10nstrated that significant physical changes
caused by internal chemical reactions would re
quire several years of accelerated aging to be
measurable and so further aging tests were not
made.
Availa ble inforll1a tion ** indicates tha t, for the
best formulations, the resin will not be seriously
degraded until after the stabilizer is no longer 100
perecnt effective and that, since the degradation
reaction is catalyzed by free HCI, the potential life
of a disc can be assumed equivalent to the life of
the stabilizer. Neglecting the effects of irradia
tion and extrapolating the results of accelerated
aging tests made by others, jailure b)' chemical deg
radation oj a villeyl disc in ordirw(y library environments
should not occur in less than a century. This potential
life can be doubled by storage at 70° F. The
actual potential storage life with respect to chemical
degradation of an individual disc is dependent on
its exact formulation (including both kinds and
amount of stabilizer and extender used) and its
thermal history prior to acquisition (including proc
essing and molding). Apparently, small changes
in these parameters can change the potential
storage life with respect to chemical degrada tion
by several decades of years. For these reasons, it
appears that a surveillance procedure oj inspection and
test based on stabilizer exhaustion is the most jeasible
means oj detrrmining need jor re-recording oj these discs.
The development of a satisfactory surveillance pro
cedure was not accomplished in this project, and is
recommended for future investigation. Basically,
it would be modeled on the surveillance technique
presently used for motion picture film (123) and a
*For example: (sec Acetate Disc Section for Equipment
and Techniques) (1) Unmodlllatcd groove vinyl discs ex
posed to ultraviolet radiation for 275 hours showed no
change in w~ight or groovc nuise. (2) Vinyl discs exposed
to temperatures greatcr than 120 0 F warped so much as to
becomp Ilnplayable with no oh.~crvable change in material.
(3) Test frequency and unmodulatcd groove discs exposed
0
10 temperatures of 120 F for 1000 hours showed no change
in weight, groove noise or signal.
**Based on tests in which the resin has been exposed tu
far wurse environmental conditions than arC phonograph
discs, which should provide a cunscrvative es timate.

simple microanalytical technique based on the
work of \Vartman (111) and Druesedow and
Gibbs (105).

Pkysical Drjormatioll Induced by Storage Conditions
""hile no discs v,·ere found in either stack surveys
or explora tory testing which had sutTcred appre
ciahle chemical degradation, a considerable num
ber were found which were so warped and deformed
that they were no longer playable. An investiga
tion of the causes of this behavior of plastic discs
",·as made to provide a better undcrstanding of this
problem which seems to he oj jar greater significance in
the storage degradation oj plastic discs than is chemiml
deter ior alion.
All materials sulljected to a continuous load
devclop a permanent deformation whose value
increases with time. For thermoplastics the magni
tude of this deformation is so great that their useful
application is very limited. For stored discs, creep
due to gravity loads can result in both surface im
print which might impair fidelity by local deforma
tion of the groove walls or so warp the entire disc
that it cannot be played. Insufficient information
was availahle to estimate the significance of creep
dllc to gravity loads during long time storage and
so a series of tests was necessary to obtain the
req uisi te da ta.
The mechanical behavior of high polymers is
lIsually stlldied by means of an analytical approach
at the structural level of aggregation. That is, a
theoretical concept of the structure of the material
is dcveloped from laboratory tests and this concept
is used both to explain and to predict the behavior
o[ the ma teria I. The rna terial is considered to
consist of a continuous but nonhomogenous system
formcd of clements of different properties and
finite dimcnsions whose behavior can be approxi
matecl by a mechanical (or mathematical) model.
Thc validity of the concept (or model) is judged
by the accuracy with which it can be used to preclict
the iJehavior of the material. In a modcl analysis
of high polymers in the transition and rubber-like
regions, tbe knowledge of the internal structure is
sufliciently complete to allow the actual identifica
tion of each element of the model with a molecular
process. This has permitted im'Cstigators in this
field to develop techniqlles for predicting the
mechanical behavior of high polymers which find
no counterpart in the mechanics of other materials.
The simplest system is that of the thermoplastic,
sllch as PVC, whose basic structural clement is the
long chain molecule which is randomly oriented,
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coiled, kinked, and intertangled. The combina
tion of strong intramolecular bonds and weaker
intermolecular bonds causes the strain response to
a stress to be a combination of elastic deformation
and viscous flow (viscoelastacity). If such a mate
rial is linearly viscoelastic and can be considered
to be incompressible, the analysis is particularly
simple. The laboratory investigation of disc warp
due to crecp from gravity loads consisted of the
following steps:
(1) Mcasurement of Poisson's Ratio to determine
if incompressible deformation can be assumcd.
(2) Measurement of linearity of strain response
to stress.
(3) Measuremcnt of crecp constants.
(4) Analysis of results and cstima te of crecp
induced warp under library storagc conditions.
The measurement of Poisson's Ratio was ac
complished by thc technique described by Timo
shenko. (20) A specimen (2.00 in . x 0.50 in. x
0.034 in.) was cut from a 12-in. blank of a typical
vinyl disc. This specimen was press polished and
then placed in a jig which applied a uniform
moment a t the two cnds of the specimcn. A 45 0
optical prism was then placed at thc ccnter of the
specimen. A monochromatic source of light was
directed normal to the specimen surface and the
reflection of the interference lin es in the prism was
photographed. (See Figure 6.) The photograph
was enlarged, the angle measured, and Poisson's
Ratio computed. Values measurcd ranged from
0.43 to 0.45 with an average of 0.44. For a real

material, this is very close to the valu~ of 0.5
theoretically required for analysis assuming incom
pressibility.
The measurement of linearity of strain response
to stress and the measurement of creep constants
required the fabrication of special equipment.
The creep bchavior of a thcrmoplastic is very
sensitivc to temperature variation and mechanical
vibration and, often, moisture content. An en
vironmental control chamber was built for these
tests (see Figure 7) which provided temperature

Figure 7.

Figure 6.
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Measurement of Poisson's Ratio by pure
bending of plate.

Environmental control chamber.

control to ± 1 0 F, wa s isolated from sources of
vibration, provided humidity control to ± 1 pcrcent
R.H., and which permitted visual observation of
the di scs during tes ting. The loading fixture insidc
the chamber provided several alternate loading
conflgurations and used linear varialJlc differential
transformers for measurement of displacem ents up
to one (1) inch with an accuracy of one-one thou
sandth (0.001) of an inch. Figure 8 shows the
test apparatus with the environmental control
chamber raised, the notations being as follows:
(1) P is point of application of load to elisc and
point of measurement of deflection.
(2) R is the reaction.
(3) Lever connects P to transformer core.
(4) L.V.D.T. is a 500 SL Shaevitz linear variable

differential transformer whose prImary IS excited
by a 6-volt power source.
(5) Load is applied at transformer core.
(6) V.T.V.M., the vacuum tube voltmeter, meas
ured the secondary voltage of the L. V.D.T. through
the switch box providing deflection data.
The first experiment conducted was for the pur
pose of measuring the linearity of strain response
to stress in a loading configuration conforming to
that of a disc being stored in an off vertical posi
tion. Because warp must be of a larger order or
magnitude to affect playback, it was neressary to
use relatively large loads to produce thc required
deflections. Figure 9 summarizes the results of this
test. The discs were simply supported in the hori·
zontal position by two diametrically opposite hemi
spherical supports at the disc edge (R. and R b ).
The discs were loaded at the edge and at 90 0 to
the supports with two simply supportcd weigh ts
connected to the cores of the L.V.D.T.'s 'which
measured displacement at this point (Pc and Pel).
The displacements of the loaded points were meas
ured as a function of time for 100 hours at 80 0 F
and 50 percent R.H. These displacements were

Figure 8.
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divided I)y the value of the load and plotted as a
function of tim e. At thc cnd of the test, the disc
warp was measured and recorded as cold flow.
This experiment showed that disc formulation ap
proaches the ideal lin ear viscoelastic material within
the range investiga ted sufficiently well to permit
the simplest method of analysis to be used . This
method consists of constructing a mathematical
model of the material which can best be visualized
as a mechanical device as in Figure 10. (1) (11) (12)
This device is made up of two types of elements:
A perfectly elastic spring whose rela
tion I)etween clisplacement e and force

(1 )

PI
P is e,=- v\ here l/E is the spring
E
PI

constant.

PI

(2)

~

A dashpot whose relatioll between rate
of displacement _dde and forc e P is
t

.1= -PI were
h

TJ

~le

ct

. t I1e vIscosity
. . coe ffi"\eltent.
.
IS

TJ

PI

These elements are combined into units which
have a linear strain response to a load as
indicated:

(1)

~2

(2l

(3)

load is applied to a PVC disc the following defor
mations will be observed:
(1) An immediate deformation called ordinary
elastic or glass elastic deformation (Eo.). This is a
storage of interna l energy by bond stretching or
valance angle deformation.
(2) A time dependent deformation called high
elastic or retarded elastic deformation (Ell.) ' This
is a storage of internal energy by changes in molecu
lar configurations. In this theory, the main as
sumption is that of a quasi-free rotation around
single carbon-carbon bonds which results in a
most probable coiled up form for the average chain
molecule . An external force changes this shape,
and, on the removal of this force, thermal action
results in a gradual reattainment of the preferred
configurations. This recovery happens in accord
ance with the statistical interpretation of the second
law of thermodynamics and is not caused by forces
as is ordinary elasticity.
(3) A time d ependent deformation called flow
(Ev). This represents energy dissipation by inter
molecular Brownian movement of a translatory
character or the movement of a molecule as a whole
with respect to other molecules. It can also repre
sent chemical stress relaxation.
When the load is rcmoved, the following deforma
tions will be observed:

(1) Immediate recovery of the glass elastic defor
mation.
(2) Time dependent recovery of the retarded
elastic deformation.
(3) The viscous flow component will not be
recovered and this permanent change in shape is
called creep.
In order to approximate thc behavior of a real
material , it is necessary to couple many of these
units together in parallel and the resulting equation
for total d eformation of a suddenly applied load
that is thereafter kept constant becomes
E total = n(Eo.+Ehe+E v ) where n is the number
of units. Fortunately, simple algebra reduces this
equation to

*P,=E'+7)f

Pi

E total=Ei [1 +f(t,)]
if P=const.,

Figure
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10. Model of PVC molecular forces.

(see Figure 10)

which is equivalent to

P'
E total=~ where E t is a time dependent modu

Et

This model is more than an abstraction; it
depicts actual molecular behavior. If a constant
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Ius of deformation.
While the model has been developed for a simple

,
j

direct stress and a simple loading history, th e
principle can be extended to any stress condition
without loss of validity, The principle is simply
th e substitution of E l , a time dependent modulus
of elasticity, for the modulus of elasticity in the
calculation of d eformations using the formulae of
the theory of elasticity. E t is a very complicated
function of both time and temperature but it can
be obtained empirically.
If the time scale of the prediction is comparable
to the time scale of the experiment, curve fitting
techniques can be successfully used to provide
formulae to approximate E t . (1)(9)(16) A far
more powerful tool, however, is the time-tempera
ture superposition principle or method of reduced
variables of Leaderman, Tobolsky and Andrews.
(21)(22)(23) This principle assumes that the tim e
function at one temperature is equal to the tim e
function at another temperature times a constant
and, hence, curves of E t , or log E t versus log t can
be superposed by mean; of a horizontal shift along
the log t axis. A matter curve applicable for all
temperatures and all times, then, of E t can be
drawn by performing many short time tests al
different temperatures and superposing the result
ing curves. This has proven to be true for many
linear viscoelastic polymers above the glass transi
tion tempera ture and is the tec hnique used for
analysis in this study.
Short time tests of the discs showed that, sup
ported and loaded as in the test for linear visco
elasticity, the deflection of the points at which the
concentrated load was applied wilh respect to the
su pports obeyed the eq ua tion:
y=614,OOO P+16,600,OOO p

-

where y

E-' -

-'

-t-, 

deAec tion in inches

P '= concentrated load in pound3
p=

J
"
I

a nd

uniform. load over disc surface in pounds

E =modulu, of elasticity in pounds/ square In ch.

As noted above, the substitution of E t for E in this
equation is all that is required to change the equa
tion from an elas tic equation which predicts def1ec
tion as a function of load to an equa tion which
predicts d eflection as a function of both load and
time.
Using the same equipment as was used for tes t
ing linearity, a series of experiments were mad e to
evaluate E t . Three discs, loaded idcntically , were
used in each test and the deflections werc meas

ured as a function of time (see Figure 11). Humid
ity was controlled at 50 percent R.H. and tests were
run at constant temperature for 1000 hours. Tests
above 110° F proved to be valu eless because of
inlerfering deformation from other sources. Figure
12 summarizes the results of this series of tests and
Figure 13 is the master curve drawn by superposing
the curves of Figure 12.
Using the values for E t obtained empirically and
modifying the empirical equation for deflection in
the horizo<1tal positio'1 by multiplying it by the sine
of the angle between the disc axis and a vertical line,
an estimate of the deformation of such a disc stored
at 10° off vertical and at 80° F without being
moved for 20 years was obtained (see Figure 14) .
As the master curve indicated that the same mag
nitude of deformation would occur if the disc were
exposed, under the same conditions, to a tempera
ture of 110° F for 1000 hours, three discs were
placed in the chamber at 10° off vertical at 110° F
for 1000 hours. The predicted deformation was
a ttained in each case within satisfactory limits to
indicate the validity of this approach .
These da ta indicate that a plastic phonograph record
can be rtored in the vertical position for marry decades
without excessive warp due to creep caused by gravity loads
if the following precautions are taken:
(1) Maintain moderate temperature «80°
F).
(2) Provide as near vertical attitude as is
feasible.
(3) Prevent discs from loading other discs.
An investigation of the horizontal storage attitude
indicated that the high bearing stresses on the lands of
the modulations caused surface imprint which impaired
playback qualities. At first glance, it might seem that
the surfaces of discs stored in the horizontal position
arc uniformly loaded . U nfortuna tely, this is true
only after the plastic surface has been deformed
sufficiently to fit around the unevenness of these
surfaces and the materials between them. If, for
examplc, there are wrinkles in the storage package
or dust grains between the discs, all of the load
between discs must be transmitted through these
line or point contacts until the wrinkles or dust
grains are pressed deeply enough into the disc sur
face for other portions of the surfaces to come into
contact. Figure 17 shows the impress of package
wrinkles in a disc surface caused by loading the
disc with three other discs at 110° F for 100 hours.
Figure 18 shows the impress of corrugations of a
cardboard separator which developed on th e sur
face of a disc stored by the Library of Congress
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Experimental deflection data for vinyl discs loaded as shown in figure 12.

(this disc was also bad ly warped by re la xatio n of
microscopic stresses). This portion of thc study
forms the basi s for th e recommendation that plasti c
discs be stored in the vertica l a tti tude.

Ph),sical Deformation Induced h), Residual Stress
The results of the creep tes ts help to justify the
use of vertical storage a ttitudc, but, as in the chem
ica l deg radation stud y, left unexplained the warped
plastic discs found in library stacks . A stud y of
lhe histor y of some of the derormed discs show ed
that suc h warp had d eveloped in horizontal storage
at modera te tempera tures and that, of ten , the
d eformed sha pe was not compa tible with deform a 
tion due to crecp induced by gravity loads. This
indicated that these d eform a tions were the result
of residual stresses introduced in the molding
process.
In a thermoplastic th ere are two kind s of resid ual
stresses (or strains) which can cau se such dim en
sional ch a nges. Thc two kind s of r esidual stresses
(or strains) will be denoted as macroscopic and
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microscopic stresses, for the sake of conveni ence
even though the nomenclatu re is no t descriptive o f
the actual m cc hanisms involved .
:M acroscopic residu al stresses are real recovera ble
stresses and are of two kind s: reaction stresses a nd
layer stresses. An excellent exampl e of reaction
stresses is provid ed by the shrink fitting of an iron
tire on a wooden wagon wheel. I t is ev iden t th a t
the tensile forces in the tire are bal a nced by com
pressive fo rces in the wooden wh eel. These stresses
can be evaluated by cutting out a spoke or cutting
the tire a nd measuring the resulting dimensional
ch a nges. Layer stresses ca n exist in a disc as un i.
form biax ia l compression in the surface la ye rs and
uniform bia xial tension in th e core with the distri
bution of force s over th e thickness h aving a zero
resul ta nt and zero mo me nt. I n this case, no d efor
ma lion would be observed o n cutting a section
from the disc through the entire thickness but th ese
stresses can be evalu a ted by removing successive
la yers from a surface of the sec tion a nd measuring
the resulting d eformation s. rn both cases, ordina ry

Curves are derived from data of
Figure II
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elasticity is involved and thc deformations cccur
immcdiately.
In order to measure deformations from macro
scopic rcsidual stresses, a \Vhittcmore stra in gage
with a two inch gagc length accurate to 0.0002
inches was chosen to measure changes in length
and a dial gage jig for measuring curva ture of the
type described by Welch and Quackenhos (24)
was fabri cated.
Thc specimens tested werc new unmodulated
ungroo ved discs, espccially presscd by two differcnt
manufacturers, and fi ve -year-old unwarped discs
purchased on the open market. Two different

trcpanning configura tions wcre used for each type
of disc. One configuration consisted of drilling
e ight concentric rings of two inch gagc mcrks
spaced )f in. apart radially beginning with a ring
~~ in. from thc cdge of disc. These rings wcre
cu t from the disc on lines midway bctwcen the
concentric rings of gage marks using a lathe.
After cutting, the gage marks wcre measured, thc
rings were broken and the gage marks remeasured.
There was no change iH shape or dimension noted.
The other configuration consisted of an array of
Y-shaped gage mark rosettes which were formed
into one set of new discs during pressing and

37

o. ]0

\

. y = 48,600 sin e+Et

\
\

"

"- ....

"

--

-

------------

o

----

o
Time

(Yea~)

Loading Curve

Figure 14.

Estimate of deformation of a vinyl disc stored at 10° to the vertical without being moved for
20 years at 80° F.

drilled into thc other discs. Spccimcns including
these rosettes were cut from the discs with a saw
and mcasurcd. Thcrc was no change in shapc or
dimcnsion noted. Thcse results showed that no
reaction stresses existed in thc discs tcsted.
The same spccimens which had bcen cut from
thc discs for reaction stress measuremcnts were
used for thc investigation of layer strcsses. Laycrs
wcrc removcd from onc surface of cach spccimen
by eithcr milling or solvcnt ctching. In no case
wcrc thcre the dimcnsional changes which indicatc
layer strcsscs. A sufficient number of tcsts werc
madc to dcmonstrate that there were no macroscopic
residual strrsses oj intensity great enough to wmjJ the
discs usedjor test mticles.
Microscopic residual strcsses arc not rca I re
covcrable stresses, but can cause strains or deforma
tions just as do thc macroscopic rcsidual stresses.
vVhile thc mechanism involved in macroscopic
rcsidual stresses is that of ordinary elasticity, the
mcchanism involvcd in microscopic residual stresscs
is that of high elasticity. This mechanism is
termed the molecular configurational strain. (1)
(11) (12) In an asscmblage of lincar molecules,
there will bc a statistically preferred (or most
probable) molecular configuration; this "average"
molecule, separated from its neighbors, might bc
depicted as:
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(a) Statistically Preferred Molecular Configura
tion-If the average molecular configuration is
changed by external forces, and the forccs then
removed, the random Brownian movcments
will attcmpt to restore the system to the statis
tically preferred configuration. This process
will be hindered by the barriers set up by neigh
boring moleeules. If a molecule such as is
depieted in (a) is subjected to a stress, F, an
extreme result could be depicted as a com
pletely oriented system of elongated molccular
scgments.

(b) Completely Oriented Svs/em oj Elongated M ole
Cldes where the intermolecular barrIers arc too
grcat to permit a molecule to relax to the en
tangled, curlcd system. An incrcase in temperCl
ture increases thc Brownian movement and re
duces the energy required to surmount a barrier
so that therc would be a temperature for any
discrete harrier level above which a molecule of
(b) would revert towards the preferred configu
ration (a) if the external force which created (b)
is no longer effective.
As was previously noted, high elasticity strains do
not occur nor arc they rccovered immediately, but
arc time dependent. From the thcory of such
strains, elevation of temperature results in a de
crease in time required for such strains to occur as

well as the occurrence of strains which might not
occur at far lower temperaturcs bccause the activa
tion energy required for the relaxation of some
molecular configurational strains can be higher
than is attainable a t the far lower temperatures.
The study of the deformations which occur on
elevation of temperature is not, therefore, an exact
measure of the deformations which would normally
occur at ambient storage temperatures, but it does
furnish evidence as to the existence of microscopic
residual stresses which can cause such deformations.
A group of discs was selected whose history and
origin were identical with those used for the study
of macroscopic residual stresses. These discs were
marked and sectioned as before. The spccimens
and phonograph records were then placed in the
environmental control chamber and observed as
the temperature was slowly elevated. Both phono
graph records and specimens warped and shrank.
The deformations which occurred were similar to
and of the same order of magnitude as those ob
served in discs which had warped in storage. The
deformations observed were, in all cases, the result
of shrinking caused by the recovery of molecular
configura tional strains wi th the warping being
caused by differential shrinkage of different sec
tions or sides of the specimens or phonograph
records.
A differential thermal expansion apparatus of
the type described by Dannis (5) was assembled to
further explore this shrinkagc. With this appa
ratus, a large number of tests were made of the

Figure 15.

shrinkage which occurred in specimens excised from
rccords of different formulation and different ori
gin. The rcsults were quite conclusive as to the
significance of the microscopic residual stresses in
all the discs tested (including discs several years
old). In nearly all cases, the amount of shrinkage
increased from the center of the dise outward to
ward the edgc. In many cases, it was greater on
one surface than on the other. In magnitude, linear
shrinkage was of the order of 0.1 % to 0.2% which
does not affect fidelity but is sufficient to causc
warping (see Fig. 16).
The demonstration that serious warp and deformation
can, and probably jrequentl)' does, remIt jrom t/le reLaxa
tion of microscopic residua! stresses caused by molding is
disheartening jrom the standpoint oj long time storage oj
plastic discs. First of all, the warpcd surface is not
developable so that the disc can not he satisfac
torily flattened by the use of heat and pressure (see
Fig. 15). Secondly, these stresses cannot be re
lieved by annealing without serious dimensional
changes as macroscopic residual stresses can often
be, because they are not elastic stresses in static
equilibrium. The only way to prevent such warp
is to improve the molding process and the only way
to inhibit it is to reduce the storage temperature .
Fortunately the amount of shrinkage which occurs
is so small that it does not cause an appreciable
frequency shift (the maximum measured value was
a shift from the 10,000 cycle note of a new disc to
10,060 cycles after aging at elevated temperature)
even if the elisc is badly warped. The recording is

Photograph of fluted edge warp caused

by relaxation of microscopic stress.
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Figure 16.

A strain gage survey of the relaxation of molecular configurational strains in a vinyl disc.

Figure 17.
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Surface imprint due to wrinkled polyethylene jackat and accelerated agin9.

Figure 18.

Surface imprint found on Library of Congress shelves.
(Horizontal Storage Attitude)

not necessarily lost if it is too warped for playback
with conventional equipment. It would seem that
a special pickup arm which will track on a badly
warped phonograph record would prevent much of
this kind of loss of valued recordings on plastic
discs by permitting re-recording. A pickup arm
which accomplishes this for 45 RPM discs is used
in some of the coin operated phonographs Uuke
boxes) .

Physical Deformation Associated wilh Thermal
and Humidity

~J'C!ing

Another cause of warping which is distinct from,
but probably influenced by, microscopic residual
stresses is thermal cycling. Plastics have very large
coefficients of expansion, are poor conductors of
heat, and the boundary conditions on the two disc
surfaces are often quite different. The boundary
conditions of a horizontally stored disc can be
particularly bad because they may result in both
a thermal gradient across the thickness of the disc
and different restraints against expansion of the
two surfaces. The result is that each cycle of
temperature results in a small irreversible deforma
tion, and these deformations are cumulati\"e.
Plastic discs and phonograph records were sub
jected to 24-hour cycles of temperature from 80 0 F
to -40 0 F in both horizontal stacks and in the
vertical attitude. The highest temperature used
was below the temperature which had proved to
cause warp within the test period by recovery of

molecular configurational strains of the particular
discs or phonograph records tested. The top disc
in horizontal stacks failed by warping in as few
as five cycles while the discs maintained in vertical
attitudes required fifteen or more cycles to failure.
In both cases the deformed shape was conical and
the discs could not be flattened.
Humidity cycling and exposure to high humidi
ties proved to have no effect on the vinyl discs.
This is to be expected from the low moisture ad
sorption of this material.
In summary, this portion of the study indicates
that:
(1) Vinyl discs have an extremely long poten
tial storage life with respect to chemical
degradation if they are not exposed to di
rect sunlight or other sources of 1] .V. and
are stored at moderate temperatures. This
potential life is of the order of a century
for well-made and properly stored discs.
The chemical aging of these discs can be
monitored by measuring the amount of
effective stabilizer remaining in the disc
(see p. 49).
(2) Vinyl discs can be stored in the vertical
attitude for very long periods of time with
out appreciable warp being induced by
gravity loads if the storage temperature is
kept below 80 0 F and the discs are stored
with care . However, suitable shelves to
maintain vertical attitude would be re
quired.
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(3) Serious warp is induced by both thermal
cycling and the relaxation of microscopic
rcsidual stresscs resulting from the molding
process. Thermal cycling can be prevented
in storage, but only control of the molding
cyclc can prevent the introduction of resid·
ual strcsses. The relaxation of these stresses
can bc inhibited by use of low storage
temperatures .
(4) Humidity control is not essential in the
storage of vinyl discs except as a means of
controlling fungal growth.

D.

Surface Damage of Phonog raph Discs
Caused by Fungi and High Contact
Stresses

~JPes ~f

Smjace Damage

The survey of the manifestatiom of degradation
of stored discs indicated that surface damagc (un
rclated to mechanical damage caused by handling
or playback) was a common result of storage . This
surface damage consisted of surface imprint con
fined to the lands, etching of both lands and groove
walls, and changes in surface texturc of the lands.
Surface damage appeared to be most pronounced
in discs stored in the horizontal position but was
not confincd to such discs. Surface imprint was
most noticeahle in discs wbose surfaces had been
in contact with corrugated cardboard, but was also
evident in discs protected by Kraft paper and poly
ethylene envelopes. Figures 17 and 18 show two
cases of this kind of damage.
The manifestations could be caused by a number
of agents, depending on the materials involved.
Possible mechanisms are:
(1) Permanent deformation of the material
due to high contact stresses between disc
and packaging material irregularities.
(2) Chemical action of an ingredient of the
packaging material on the disc material.
(3) The wicking action of a porous material
with respect to a liquid or volatile plas
ticizer.
(4) Fungal etching of the disc material by
fungi growing on the packaging material.
(5) Migration of a constituent of the packaging
matcrial into the disc material.
\Vhile not discounting the othcr mechanisms as
potentially feasible, it was only possible to dupli
cate the surface imprint in thc laboratory by fungal
action and by deformation of the material due to
gravity loads.
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Laboratory In vestigation

of Fungal

Action- Discs

The Library of Congress was the source of most
of these specimens and, bccause the climate of
Washington, D.C., is peculiarly suitable for fungal
attack of organic materials (92), the ability of
fungi to cause such damage was investigated.
The discs inspected were classified in to three
catcgories:
(1) Discs on which fungi spores and mycelia
were found associated with visible surface
damage.
(2) Discs with visible damage which could
have been caused by fungi growing on the
disc, but without direct evidence of fungal
activity. It was thought that fungi could
have caused the damage under proper en
vironmental conditions prior to removal
upon subsequent cleaning.
(3) Discs with surface etching which could
have been caused by the excretions of
fungi growing not on the discs but on
jackets or separators in contact with the
discs.
This classification was somewhat arbitrary but
was made to serve as a starting point in the in
vestigation. In these categories were the follow
ing specimens :
(a) A laminate with cardboard core and shellac
coating (1) and (3)
(b) An acetate disc with glass core (2)
(c) A shellac type disc (2) and (3)
(d) A vinyl disc (3)
These discs, together with new acetate, vinyl,
shcllac, and shellac type discs were placed in the
chemical exposure chamber (Fig. 19). Corru
ga ted cardboard which had been inoculated with
soil and fungus spores was placed on the discs.
The air in the exposure chamber was kept at 70° F
to 80° F, saturated with moisture, and continu
ously regenerated. A luxuriant growth of fungi
soon appeared on the cardboard and gradually
spread to the discs.
After four weeks exposure, the discs were removed
for inspection. Species identified were penicillia,
aspergilli, mucor, and rhizapus. The most luxu
riant growth was found along the lines of corruga
tion in contact with the discs followed, in descending
order, by cardboard surface, acetate disc surface,
shellac discs (containing natural waxes), shellac
type discs containing resins derived from wood and
sugar cane, and filled vinyl discs. Unfilled vinyl
discs were etched by fungi growing on adjacent

Figure 19.

Chemical exposure chamber.

materials and fingerprints, but did not seem to
support growth itself.
Fungus mycelia could be seen plainly on the
surface of the infected discs with the aid of a hand
lens and a stereoscopic microscope. I t was also
noted that the mycelium grew down, into the
grooves, indicating that it was growing on the
surface of the discs and not on the separator.
Smooth portions of records covered with fungi were
further examined under a microscope. \Vhile ob
serving the field, it was swept clean with a camel
hair brush , in order to determine if any markings
could be noted underneath the mycelium. It was
easy to distinguish etchings made by fungus hyphae
from ordinary scratches. The ordinary scratches
were in straight or curved lines. Etchings made by
hyphae were irregular and appeared to be more
superficial. A vinyl disc, containing limestone and
carbon black filler (a compound normally con
sid ered fungi resistan t), showed both fungal growth
and etching. Scratches on the surface of this disc,

known to cause noise in playback, were of the same
order of magnitude as the fungal etching. This
etching was most serious where fungal growth was
most abundant, i.e., where the line of corrugations
of the cardboard was in contact with the discs.
The results of this four weeks exposure appeared
to confirm the suspicion that fungi were potential
severe agents of disc deterioration. Accordingly,
it was decided to expose disc materials to fungal
activity for a six month period in order to obtain
more information about this degradative agent.
Disc specimens were cut or broken into rectangles
2 inches by 3 inches in size. These rectangles
were inoculated with common airborne or soil
fungi: namely, aspergillus niger, aspergillus flavus,
aspergillus terreus, alternaria humicola, fusarium
sp, penicillium sp, and rhizapus nigricans. After
inoculation, they were stacked with corrugated
cardboard separators and placed in moist cham
bers. Th e moist chambers were kept at ambient
temperature (72° F to 88° F). Additional stacks
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were placed in a cold room whose temperature was
37° F to 40° F and humidity was 55% R .H. to
85% R .H.
Other materials which are currently used for
fabricating disc jackets or envelopes or are proposed
for such use were also studied; this included mate
rials in which fungicides had been incorporated.
The materials were inoculated with the same fungi
as above and placed on fungi inoculatcd agar in
Petri culture dishes which werc kept at ambienr
temperatures. It should be remarked here th a t
the effects of exposure to high humidity are not in
separable from the cffects of fungal activity in
either discs or jacket material, as both can cause
deterioration of plastic and natural orgclnic matc
rials, and high humidity is essential to growth of
these fungi.
After six months incubation, the elise specimens
were examined by hand lens and microscope for
signs of dcterioriation and the following results
obtained: *
'
(1) Unfilled, unextended microgroove vinyl
ite compound, containing lead stearate,
carbon black and a dye. Fungi grew
profusely on label and branched out over
the disc surfacc. After cleaning, little, if
any, etching caused by fungi could be
observed. No embrittlement or loss of
flexibili ty was noted. This ma terial seems
to be resistant to deterioration induccd by
moisture or fungal activity. (Compound
A)

(2) This material is the same as noteel in (I)
above with the omission of carbon black:
I t behaved exactly as did the previous
specinlen. As far as resistance to damage
by high humidity and fungi, the unfilled,
unextended microgroove vinylite composi
tions proved superior to the other formula
tions. (Compound B)
(3) Filled, extended microgroove vinylite com
pound which contains natural waxes and
a resin obtained by the destructive distilla
tion of wood as well as CaC0 3 : Some
etching was noted where two different
specimens of this material were in surface
contact. The compound did not appear
to support fungal growth and the fungus
appeared to have grown on some other
substrate with the mycelia penetrating
between the surfaces in contact. After

- - -- -

*See "Bakelite" Molding Technical Release No. 10 for
fOrmulation background information. (104)
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this aging. some areas of the specimen
were quite brittle while the remaining
sections retained most of their flexibility.
I t is not known whether this was occasioned
by humidity, fungal attack, or both
together. This is an inexpensive micro
groove formulation with too high a noise
level for quali ty 33}~ disc manufacture .
The most common use of this type of
formulation is believed to be in popular
45 RPM's. (Compound C)
(4) Filled, extended regular groove vinylite
compound con taining morc CaC0 3 filler
and less extender (which is also believed
to be superior in aging qualities to that of
the previous specimen). Fungi appeared
to grow only on the lauel, but some etching
was olJserved on the surface. The only
embrittlement noted was at the disc rim
which might have been caused by the
increase or decrease in concentration of one
of the constituents in this area during
molding. (Compound D)
(5) Shellac type normal groove compound
using synthetic resins and CaC0 3 filler.
This disc was seriously deteriorated by
exposure to high humidity and fungi.
Fungal etching was prominent over the
cntire surface. This disc was very brittle
after exposurc, probably caused by loss of
plasticizer or one of the resins. (Com
pound E)
(6) Acetate, 1944 composition (nitrocellulose
plasticized with raw castor oil). Speci
mens kept in cold room showed a slight
fungus growth but no visible evidence of
damage. Speeimcns kept at ambient tem
perature showed considerable fungus
growth which produced Ii ttle etching bu t
complete lo ss of adhcsion between core and
coating. This loss of adhesion began at
discrete points (making "blisters"), and
spread to cover the entire area. The
surface, though covered with spores and
mycelia, was yet relatively clean and
smooth. This behavior was idcntical with
that observed when acetate discs were
exposed to high humidity environments in
stagnant air at elevated temperatures and
indicates that loss of the plasticizer by
fungal consumption and moisture extrac
tion is respomible for this manifestation of
deterioration.

(7) Acetate, new (nitrocellulose plasticiz ed
with modified castor oil and with added
stable resins). This specimen proved far
more resistant to hig h humidity and fungal
deterioration than the previous specimen.
No growth was noted in the cold room spec
imen, and the ambient temperature speci
men was etched considerably only where
it was in contact with cardboard. The
same type of loss of adhesion between core
and coating had begun, but had not pro
gressed to the extent noted in the previous
specimen.

Laboratory Investigation of Fungal Action-Jacket ]1,1 a
terial
The following results were obtained from thc
six months exposure of jackct material:
(1) Kraft paper was quickly disintegra tcd by
fungal attack. This paper was cut from
commercial disc jackets.
(2) Kraft paper impregnated with a commcr
cial fungicid e (which had an obnoxious
odor) designed for such use did not disinte
grate as quickly but the fungicide was be
ginning to lose its effectiveness by the end
of the test period.
(3) Glassine was attacked and deteriorat ed as
rapidly as the untreated Kraft paper.
This glassine was cut from a commercial
disc jacket.
(4) Polyethylene film was not seriously attacked
by the fungi. Althoug h some fungi were
growing on its surface, they appeared to
obtain no food from the polyethylene but,
probably, from a lubricant used in proc
essing the film.
(5) Nylon film behavcd as did the polyethylene.
That somc of the airborne soil fungi are able to
utilize some of the organic plasticizers used in resin
formulations as a source of organic nutrients is well
rccognized .
In this utilization the fungi in SOIIle manner dis
solve out the pl as ticizers and thus reduce the tensile
strength, and cause plasticized plastics to crack.
Berk, Ebert and Teit ell (26) , in their investiga tion
on the utilization of plasticizers and related organic
compounds by fun gi state that the diesters of satu
rated, aliphatic dibasic acids can be utilizcd by
fungi, if thcy contain 12 or more carbon atoms.
The maliates a re fairly fung us resistant and the
alkyl derivatives of phosphoric and phthalic acids
do not serve as a carbon source for fungi .

Also an ether linkage into the carbon chain
decreases its ability to support fungus growth.
These investigators tested the ability of 24 common
fungi to utilize 127 plasticizers a nd related orga nic
compounds as a carbon source. According to
Zobell (32, 33) it is a general observation that the
susceptibility of hydrocarbons to oxidation by
microorganisms increases with chain length up to
15 or 20 carbon atoms. Ethylene glycol is con
sidered toxic to fungi but appreciable growth may
be obta ined at concentrations of 2% by weight.
While the average ability of fungi to utilize a par
ticular plastic as a carlJon source may lJe low, yet
it may be very susceptible to attack by a fcw micro
organisms.

Rer.ommendations to Afinimize Fungal Action
This investiga tion indicates that in order to
store records for a long period of time, it will be
neccssary to takc several precautions in order to
protec t them from de teriora tion by fungi and mois
ture, a nd these arc as follow s:
(1) Use only those discs made of materials not
readily a ttacked by fungi .
(2) Use special j ackets not readily attacked by
fungi. This excludes the usc of common
cellulosic materials for jackets and corru
gated cardboard for scparators unless these
materials are protec ted from attack.
(3) Temperature and humidity should lJe care
fully controlled. Relative humidity should
be 55 % or less. (92)
(4) The labels on th e records should be made
out of a fungus resistant material instead of
paper.
(5) Adhesive for labels should be of a fungus
resistant material such as polyethyl ene.
(6) Compatibl e fun gicides are available for
incorporation in specific matcrials but a
general purpose fun gicide suitable for incor
poration in packaging material which will
furnish long-time protection for phono
graph discs without accelerating possible
degradative reactions is, at present, un
known. (This conclusion was arrived at
by a survey of commercially available
fungicides and not by laboratory study; see
preceding chapter.)

Surface Imprint Resulting from High Con/act Stress
Th e other type of surrace damage reproduccd in
the laboratory was surface imprint, which resulted
[rom local yielding of the ma teri al under high con
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tact stresses. for long-time loading, the actual
value of a stress which will cause such yielding of
thermoplastics is not of the magnitude which would
be considered a high stress for a load of limited du
ration. The combination of a grooved disc surface
with the irregular pattern of a warped cardboard
or wrinkled jacket material results in a quite small
bearing area which, given the proper combinations
of temperature and load, will result in surface im
print. This imprint can result in poor playback
because the deformed material may interfere with
stylus tracking. Cellulosic materials are the worst
offenders because of the dimensional changes in
duced by changes in moisture content. In pack
aging discs for storage, if surface imprint is to be
avoided, it is essential to:
(1) Keep disc temperature below 80 0 F.
(2) Do not use materials with irregular surfaces,
or which can develop irregular surfaces
from humidity of temperature changes, in
contact with discs.
(3) Do not store discs horizontally or with pres
sure exerted against their surface.
Section E following discusses recommended storage
practices which include attitude and packaging.

E.

Summary of Conclusions and Recom
mendations for Storage of Phonograph
Discs

The major portion of this investigation was de
voted to the study of phonograph discs. This may
seem paradoxical to those who feel that magnetic
tape has supplanted the phonograph record for
instantaneous recordings so rapidly that the latter
sound recording medium is already obsolescent for
this purpose. Even if this were true, the fact re
mains that the present concern of the librarian is
to preserve those sound recordings which he is now
storing and to select the best sound recording me
dium for future acquisitions. Also, surprising as it
may at first seem, published information on the
deterioration of phonograph records is far more in
complete than the information that is available on
magnetic tape. This is probably because the mod
ern phonograph record was evolved over a long
period of time by the gradual introduction of new
materials and new techniques as they were devel
oped by (or to meet the demands of) other fields
such as plastics technology and electronics. Mag
netic tape, on the other hand, was introduced in a
technological period when not only were the ma
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terials and techniques available to take full advan
tage of its potentialities, but the method of design
and development by scientific research had al
ready heen adopted by industry. Both of these
sound recording media can be, and probably will
iJe, improved and a major area of improvement is
in that of potential storage life . At the present
time, one advantage of the phonograph disc over
magnetic tape is a sure confidence in the fact that
certain types of discs can be safely stored for many
decades while such longevity for tape is only a
matter of surmise and conjecture. (67) There is
no substitute for actual storage experience, and
phonograph discs have a good head start in this
regard.
Phonograph discs have been made and stored for
oyer fifty years. So many early examples exist of
each different kind of disc whieh are still in excel
lent condition that it is certain that the potential
storage life of each type is at least equal to, and
probably far exceeds, the length of time that each
kind of disc has been manufactured. At the same
time, there have been a sufficient number of discs
that have failed to cause concern over the possible
loss of valuable recordings. Undoubtedly, inferior
materials, poor manufacture, and exposure to
abnormal environments have played a part in
many of these failures but it also seems evident that
the use of proper storage facilities and techniques
will inhibit storage deterioration and result in the
attainment of maximum disc life.
I n the previous sec tions, the mechanisms and
manifestations of degradation of different types of
phonograph discs have been discussed. I twas
noted that the response to the various environ
mental factors varied for the different types of
discs and this poses the first question in defining an
optimum storage environment; that is, should the
types of discs be segregated in storage and stored
in separate environments designed for the idio
syncrasies of the individual types or should a com
promise storage environment be designed for
phonograph discs as a group? The answer prob
ably lies in the fact that library storage is not dead
storage and that library storage facilities must, in
themselves, be a compromise based on the param
eters of space, economics, record availability, and
record stability, and these demands seem to recom
mend the latter course of action.
Table 6 is a summary of the significant character
istics of the most common types of discs generally
found in library collections.

TABLE 6.-A SUMMARY OF THE AGING OF PHONOGRAPH DISCS
A. COMMON TYPES OF DISCS
Nomenclature

Ace tate

(p lasticized
Basic Formula tion ....... . .. . Nitrocellulose
with castor oil) coating on
m ctal core.

Shellac

Vinyl

*Shellac, co pal resin, min
era I filler.

Copolymer of vinyl chlorideacetate, unplasticizcd .

I
B.

THE EFFECT OF ENVIRONMENTAL FACTORS

Fungi Rating . . ... ..... . . . . . Very susceptible ... . ....... 1 Ofte n vcry susceptiblc; d e
pends on formulation.
Chemical degradation; seri
Reaction to Excess Moisture .. Plasticizer loss; chemical deg
ous dimensional changes.
radation; some dimen
sional changes.
Heat Resistance:
a. High Temperaturc. . . . . Poor .......... . . ........ . Poor .. . ................. .
b. Th ermal Cycling. . . . .. Probably accelerates loss of Not d etrime ntal to a good
genuine shellac but warp
coating adhesion.
inducing in shellac types.
Good to poor ... . ... ..... .
Light Resistance ........... , Very poor .......... .
Imprint and Abrasion Re Poor ...... ..... . . .. . . . . . . Poor ..... .... .... . ...... .
sistance.
Poor .... . . .
Poor to good ......... . .. .
Resistance to Attack by Oxy
gen and Atmospheric Con
taminants.

Rcsistant to growth; not rc
sistant to etching.
Unaffected.

Poor.
Very detrimental dimension
ally, inducing warp.
Poor .
Poor.
Fair.

C. THE RESULTS OF AGING

I
f

Probable Modes of Failure (in
order of seriousness of re
suits) .
Probable Causes of Failure ....
Dise Changes. . . . . . . . . . . . . ..

Catastrophic fa ilure of coating; embrittlemen t .

Embrittlement; warping . . . . Warping; embrittlement.

Loss of plasticizer; denitra
tion of polymer.
Increase of noise with no
significant change in signal.

Loss of extender; condensa
tion of shellac.
Increase of te nsi le modulus
of elasticity and loss of
impact strength.

*This is a best formulation, not necessarily a most common one.

Internal stresses; loss of ex
tender; cross-linking.
Warping.

There is not a typical shellac formulation .

j
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An optimum compromise storage environment
for these discs which is compatible wi th library
operations would:
(1) Prevent fungal d amage by not providing
an environment suitable for fungal activity.
This can be accomplished by:
(a) Reducing fungal nutrients to a mini
mum by keeping discs clean and not
using nutrient packaging materials for
storage.
(b) Reducing moisture on disc surface
below amount required by fungi.
(2) Keep moisture content of disc environment
at a satisfactorily low va lue which is, at

the same time, not so low as to cause un
desirable changes in certain materials . A
moisture content in equilibrium with 50%
R.H. at 70° F seems to be satisfactory.
(3) Keep temperature reasonably constant
and at as Iowa figure as is compatible with
human activity.
(4) Deny access of ordinary sunlight or arti
ficial lighting of the shorter wave lengths
(such as certain mercury vapor fluorescent
lights) .
(5) Store all discs in the vertical attitude, keep
them clean, do not use rough surfaced
packaging materials, and do not permit
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sliding contact of disc surface with other
surfaces.
(6) Provide a vapor and gas baITier between
the disc and the ambient atmosphere.
I nert gas purging of the packagc prior to
closure is feasible in a large operation, but
is prolJably not necessary as just prevention
of the renewal of oxygen and atmospheric
contaminants in the disc environment
should reduce the attack by the agents to
a tolerable level.
The extent to which these measures can be taken
is, of course, dependent on the opera tion of the
individual library. If possible it is, of course,
desirable to air-condition completely the entire
library and kecp its environment dust free, at 50
± 10% R.H. and 70 ± 5° F. If this is not possible,
the playback and packaging facility environments
should meet these standards and the stacks should
meet the temperature standards.
The technique of handling discs should be care
fully supervised. Discs should be kept clean both
for playback and storage. The techniques llsed in
the labora tory for this study wcre tedious but effec
tive. Routine cleaning was accomplished by using
two commercially available systems:
(1) Prior to playback or packaging: a spar
ingly applied detergent solution with an
applicator of sheared acetate velvet fibres. *
(2) During playback: a sparingly applied ethy
lene glycol solution with a brush and
mohair applicator pad. **
Other systems of dust control and cleaning (sl1ch
as spray on antistatic compounds, treated cloths,
dampened synthctic sponge, and radioactivc air
ionization) werc tricd but did not prove as sati~
factory as did thcse techniques. More drastic
cleaning (called for in cases like the removal of
gummy films frollI acetate discs) was accomplished
by washing the disc in a luk.ewarm dew'gent solu
tion, rinsing with distilled water from a wa~h
bottle, quick dl'ying in warm air from a hair dryer,
and conditioning the disc in the 70° F, 50% R.H.
environment. This drastic clcaning was, of course,
ollly pcrformed when necessary. The disc grooved
surfaces were never handIed with bare hands
(rubber gloves being used) and the discs were
inserted into and removed from their packages
without touching' the grooved surfaces or permit
ting sliding contact between packaging material
and grooved surface.
*Lcktrostat Record Cleaning Kit, Dexter Chemical Corp.
**£SL Dust Bug.
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The present commercial packaging materials
used in disc swrage are all unsatisfactory in one
regard or another. A specially designed package
is recommended which:
(1) Is itself protected from the agents of degra
dation so that it will not warp, grow fungi,
or otherwise aid in disc degradation.
(2) Will provide a gas and vapor barrier be
tween the disc and the ambient stack
a tOlosphere.
(3) Will prcscnt a smooth surface to the disc
and will permit disc insertion and with
drawal without sliding contact between
disc and package.
(4) Will be stiff and have some structural
strength to help vinyl and shellac disc
rcsist warping and so that it will not itself
deform so as to cause surface damage to
disc lJy high contact stresses.
There prcsently exist a number of satisfactory
packaging materials and, with the rapid dcvelop
ments in the packaging industry, there will proh
ably be superior materials to these in the near
future.
At the present time, the most satisfactory material
secms to be a laminate ofpolyethylene/papcrboard/
foil/polyethylene. The paperboard furnishes the
necessary stiffncss to support the polyethylene and
aluminum films and prevent dimensional change
or wrinkling of these materials as well as to aid the
vinyl and shellac discs in resisting warping. Thc
aluminum foil is an cffective vapor barrier to deny
access to oxygen and dcleterious a tmospheric con
taminants. The polyethylene furnishcs a smooth,
tun'Si resistan t surface and also is a rnoistme barrier
for both the paperboard and the discs. Recom
mended spccificcltions for this laminate are:
(1) Paperl)oard-34 point bending chip grade
boxboarcl (0.034 inch calipcr).
(2) Foil-Dead soft aluminum foil (military
specification MIL-A-148A) of 0.001 inchcs
thickness.
(3) Polyethylene-developments in this field
arc being made so rapidly that no suitable
specifications for the latest and I)est poly
ethylene coatings arc availal)le. \Vithin
the past year, the introduction of glueablc
polyethylene film, medium high density
polyethylene, and very thin films have
made obsoletc the polyethylene modified
paraffin wax coating which would have
bcen recommended hut a fe\y months ago.
Probably the bcst current practice would

be to use an 8 Ib * conventional low-density
polyethylene** extrusion coating on the
foil and a 15 I b conventional low-d ensity
polyethylene coating on the paperboard
and to laminate the coated foil to the
coated paperboard with polyethylene; both
techniques and materials should soon be
supplanted by superior and more econom
ical coatings.
It is difficult to estimate the costs for this material
with no knowledgc of the production volume re
quired. However, recent price inform a tion indi
cates that, for 12 in. discs, the following cost data
are approximately correct.
Kraft paper sleeves ..... . . .
Polyethylene film sleeves ..
Boxboard envelope ...... . .
Proposed package .... .

$0.01
SO.02 to $0 .05
$0.06 to SO .09
$0.15 to $0.20

Figure 20 outlines two feasible package designs.
Prior to insertion of th e disc into an envelope, the
disc should be elea n, and both disc and envelope
should be in equilibrium with an a tmosphere of
50% R.H. and 70° F. A conditioning (or packag
ing) room is recommended for this operation.
When a disc is receivcd, or if it has been exposed
to other than the optimum e nvironment, it should
be conditioned for 24 hours l)efore packaging.
Even if it is not feasible to aireondition the entire
library, it is recommended that the playback fa
cilities and conditioning room have the recom
mended environment and be dust free . Packaging
of a disc with a moisture content hig her than recom
mended may result in a detrimentally hig h hu
midity inside the package.
After packaging, the discs should be stored in the
vertical attitude without pressure on the disc sur
face or the opportunity for ofT vertical attitude.
*Weight, in Ibs/3,000 sq ft (reams).
**Petrothene 205 or equal.

8 Ib=0.5 mil thick
15 lb= 1.0 mil thick

This can be accomplished in at least two ways.
One system is to use a compartmented shelf, with
each compartment limited in size to accommodate
from but one to two dozen packaged discs. A com
partment which contains discs should be kept full
of either packaged discs or packaged discs and
fillers so that packaged discs are kept uprig ht but
not so that force is required to remove or insert a
disc. Another system is to use shelves whose in
terior height is but very little greater than the pack
age dimension, with well aligned slotted metal
strips on both top and bottom of the shelves so that
each packaged disc is supported in the vertical
attitude independently of other discs. Figure 21
depic ts these systems.
There arc two other packaging techniques, pres
ently used by the foods industry, whose potential
value should not be neglec ted. One of these tech
niqu es, which could be applicable to large collections
oj precious but vny seldom used discs, is inert gas pack
aging and the other is the a luminum foil-laminated
corrugated box for temperature control during
shipment of sound recordings. The application of
these techniques to sound record preservation
would be a worthwhile endeavor for industrial de
velopment and use.
Recordings should be re-reeorded when nec
essary to insure preservation. At prese nt, no COlTl
ple tely satisfactory method is available to tell when
this need s to be accomplished . As discussed prc
viously, physical inspection for warping, fungus
attack, or other visi ble evidcnee of deterioration is
useful and should be done periodically. Also,
there is evidence that detectable changes in the
chemical compositioll of the record can be used to
j ndica te incipient failure due to chemical deteriora
tion, although 1I10re information is needed to de
velop a nalytical techniques and su rveillance pro
cedures. This aspect of the probl em might be
made the subject of additional study.
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Proposed disc storage packages.

.___Horizontal Stacking - Poor; causes
surface imprint in all discs and warp
in plastic and shellac discs because
of different boundary conditions of
restraint and temperature on different
sides.

~

Off

~

Vertical Stacking - Poor; causes
both surface Imprint in all discs and
warp of plastic and shellac discs from
poor boundary conditions and gravity
loads.

~

~

Spring

Loaded Vertical Stacking - Poor;
causes surface Imprint, poor boundary
conditions.

FUIl

Compartment Vertical Stacking - Good;
recommended maximum 20 disc/compartment
Compartments In use shOUld be kept full of
discs or discs and fillers.

_ _ _ _ Template Controlled Vertical Stacking 
.---Good; slotted template can be made of
metal with very thin nAnsn. Slots
should be well atlgned vertically and
bottoms of slot should be at or below
shelf level.

Figure 21.

Very long time disc storage practice and shelf design.
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IV.

A.

THE STUDY OF MAGNETIC TAPE

Outline of Experimental Work

Magnetic tape was introduced into this country
shortly after World War II. By 1950, it had been
developed into such an excellent product that it
has virtually replaced acetate discs as an instan
taneous recording medium, and it is making some
inroads into the duplicated recording ficld hereto
fore dominated by the plastic disc.
The experimental work performed on tape by the
Institute largely duplicated portions of previously
reportecl inves1 igations by others. These studies
consisted of:
(1) Investigations of the dimensional stabili ty of
the base as it is affected by :
(a) Variations in winding tension
(b) Variations in humidity
(c) Variations in temperature
(d) Reel design and poor winding
(e) Variations in 'thickness and kind of base
material
(2) Investigations of the stal)ility of the coating
as it is affected by :
(a) "Vinding tension
(b) Base material
(c) Temperature
(d) Humidity
(3) Investigations of the changes m magnetiza
tion induced by: .
(a) Temperature
(b) A.C. Fields
(c) Time
(d) D.C. Fields
and represent many years of work by the original
investigato rs. The work performed on this project
by the Institute served primarily as confirmation
of conclusions prev iously arrived at . or, in some
cases, to reconcile differences uetween the conclu
sions of previou s investigators.
The tapes which were tested consisted of new
samples of all of the different kinds of tapes pres
ently manufactured by the four major tape manu
facturers of this country together with some samples
of older tapes. The Library of Congress recorded

frequency tapes single track at 15 inches per
second (level 0'- 12 DBM across a 600 ohm non
inductive resistor) at 25, 50, 100, 200, 400 cps and
1, 2.5,5, 10,12,15 kc and tone burst tapes single
DBM across a 600 ohm
track, 15 ips, (level 0'
non-inductive resistor) at 400 cps, 1000 cps, 5kc
and 10 kc. Blank tapes and constant frequ ency
tapes were also used in the tests.
Playl)ack and instrumentation equipment used
was a professional type tape recorder, a frequ ency
counter, a V.T.V.M., an oscilloscope, a variable
band pass filter, and a speaker. A humidity
chamber and an oven with humidity control were
used to expose the tape to the following conditions:
(1) 1000 hours exposure to 150° F and low
humidity.
(2) Twenty cycles of 12 hours at 150° F and
low humidity and 12 hours at 75° F and
50% R .H.
(3) Ten cycles of 24 hours at 100° F and 100%
R .H. and 24 hours at 75° F and 50% R.H.
(4) Exposure to A .C. fields for periods up to
one month.
Control tapes were maintained at ambient (approx
imately 75° F and 50% R .H.) , The test tapes
included tapes wound under different tensions and
with varying perfection of wind. Also, during
exposure to cycles of humidity and temperature,
some test tapes were rewound at each cycle while
others remained undisturbed. Three types of reels
were used--fivc inch plastic, seven inch plastic, and
ten inch N.A .R.T.B. metal reels. It would, of
course, have been desirable to use far longer
exposure times and a greater variety of tests but
this was not feasible in this investigation. Ex
ploratory tests indicated that more rigorous condi
tions were not realistic. Despite th e cursory
nature of the laboratory investigation , there were
noticeable and measura ble changes in the backing,
coating and magnetization of th e tapes which,
together with the comprehensive information
available in the literature, justify the following
remarks (see Bibliography, especially_the articles
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by Daniel and Axon, (47) Latham, (63) Radocy,
(67) (69) Herr and von Behren, (56) Westmijze,
(78) and the Sound Talk bulletins (82) which
provide complete empirical graphs of the phe
nomena referred to).

B.

Base Material

Kraft paper, Polyvinyl chloride, cellulose acetate
and Mylar (polyester) film have all been used as a
base material for tapes. This study was restricted
to the superior cellulose acetate and Mylar base
tapes because most American made tapes are of
these types. This base material is the structural
component of the laminate which must resist
stresses imposed by playback or storage without
permanent deformation and maintain dimensional
stabili ty during aging. Tha t these thin films per
form this mission as well as they do is somewhat
surprising because they are, after all, thermo
plastics subjected to severe loading conditions.
The severe loading conditions imposed by storage
are:
(1) The forces caused by winding the tape under
tension. This creates high radial pressures in the
roll of tape which diminish in intensity from the
hub outwards. This radial pressure causes longi
tudinal warping and any unevenness in stress distri
bution in the roll, such as is caused by hub slots,
splices, or poor wind resul t in localized permanen t
deformation which impair playback qualities of
the tape.
(2) The forces caused by the difference in prop
erties between the film base and the coating. These
may be differences in thermal or humidity coeffi
cients of expansion or differences in dimensional
response to aging. This can cause curl (transverse
warping of the tape).
(3) The forces caused by the boundary condi
tions. The edges of the tape are exposed to the
environment while the center is not. If the tape
is not in equilibrium with its environment, the
dimensional changes induced by the gradient will
vary in amount from the edges towards the center

of the tape. This can cause curling or edge fluting.
I n addition to these forces, dimensional changes
are induced by the recovery of molecular configu
rational strains (which result from the film fabri
cation process and are the same kind as those dis
cussed under plastic discs), gross changes in wind
ing tension induced by aging or changes in hu
midity or temperature, and simple relaxation of
elastic stresses. The reason that these dimen
sional changes are so important is that satisfactory
reproducing response is dependent on the surfaces
of the reproducing head and ta pe being in perfect
contact and the edges of the reproducing head gap
being aligned (with reference to the ta pe) correctly
with the original alignment of the trailing edge of
the recording head gap. Variations in either of
these parameters cause fluctuations in signal ampli
tude whose seriousness increases with increase of
frequency. These effects have been so thoroughly
measured and reported by different investigators
(see Daniel, Axon and Frost, (48) Westmijze, (78)
or Bulletins No.6 and No. 27 of 3M Sound Talk
(82) that complete quantitative data were not taken
on siunal
attenuation as a function of head and
to
tape separation or misalignmcnt. An example of
the seriousness of this parameter is that a 7,500
cps signal on a half track 7 7~ inches per second
recording is attenuated about 6 db by a head and
tape separation of only 0.1 mil or a head and tape
misalignment of only H degree. Figure 22 shows
the relationship of this type of attenuation to other
parameters and the effect of equalization on play
back.
It is primarily in dimensional stability that Mylar
is superior to cellulose acctate and that thicker
bases are superior to thinner bases. This stability
is, of course, affected by the coating which is a
different plastic from the base and highly filled
with iron oxide and so exhibits different dimen
sional changes than does the base. Comparative
figures obtained from manufacturer's laboratories
(3M(83) and Du Pont (117» for storage conditions
are:
I

Y. inch
Acetatc
Tape
Thermal coefficient of Linear expansion ......... ........... .
Humidity coefficient of Linear expansion .......... . . . . . . . .
Creep (7000 psi tension for 3 hours and 3 hours recovery) .......
"
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3.0
15.0
0.015

%inch
Mylar
Tapc

2.0
1.1
0.005

Mylar Film

1.5 X 10- 5 " / " 1°F.
1.1 x 10- 5 " / " /% R.H.
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103

104

Frequency (ops)
2
3
4
5
6

Actual Tape Output-Constant Power Input
Recorder Output-Equalization
Actual Tape Output-Tape 1 mil from Head
Actual Tape Output-Tape 2 mil from Head
Recorder Output-Tape 1 mil from Head
Print Through (Estimated 20 year level [rom Daniel & Axon data) for good storage conditions

Figure 22.

Characteristic data for a general coated, 1.5 mil tape showing the interrelationship of various
parameters (actual values depend on tape and recorder), tape speed 15 I,P.S.

A further difference between these two base mate
rials is that the moisture absorbed by cellulose
acetate acts as a secondary plasticizer affecting its
impact strength (brittleness), its tensile modulus of
elasticity (elongation under load), and its creep
(residual elongation after removal of load). Mylar
absorbs less than %% by weight of water and its
physical properties are unaffected by change in
environmental humidity. Mylar has the defect of
stretching undcr impact loads (which would merely
break acetate) that are caused by a poorly operated
or adjusted machine which means that more super
vision must be exercised over playback equipment
use than is required for acetate.

The storage techniques indicated by these prop
erties o[ the base are:
(1) The use of metal, unslotted hubs of as large
diameter as possible.
(2) The use of constant torque* winding using
as Iowan initial tension as is compatible
with producing a well wound pack.
(3) The use of reel flanges which are not de
formed out of plane.
(4) As perfect a winding pack as can be
obtained.
*Constant tension winding not only results in higher
radial pressures, it results in slippage of already wound tape
layers with consequent localized stress di stributions.
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(5) The inhibition of changes in environmental
humidity and temperature .
Since it takes a very long time for a reel of
:'Ice tate tape to come into equilil)rium with a large
change in environmental moisture content, this la st
requirement is most important for acetate tapes.
The reco mmended procedure for accomplishing
these e nds is to keep playback and packaging' room s
at 70 ° F and 50% R .H. Tapes received for storage
should be rewound ill the packaging room on a
rewind machine u ;;ing a constant to rque drive with
a tension of from 3 to 5 ounces for ;~ inch wide 1.5
mil thick tape a t the hub of a N.A.R.T.B. 10 inch
reel and whose maximum speed is 30 inches pe r
second. The rcel used should be metal, with un
deformed flangcs, hav ing an unslotted hub of the
N.A .R.T.B. 10 inch reel design. Acetate tape
which ha s been exposed to other than the recom
mended e nvironment should remain unpaekaged
in the conditioning rOOm for six weeks and re
wo und; after inspectio n of the tape to ma ke sure
that the winding is sa tisfactory, the ti1pe should be
packaged in a me tal can or a hox made of the type
of laminate m a terial recomm ended for packaging
discs, and the package sealed . The Iloxes or ca ns
should be stored on edge so that the flange s will n o t
I)e d eformed by gravity load s such as might h(lppen
if they were kept in horizontal stacks.
Cellulose acetate ba se has I)ccn used for a long
time, in safety motion picture film for eX(lmple,
and is known to have a dependable and long stor
age life. i\l ylar has been used for a much shorter
time but has a theoretically longer storage life,
mainly because no plasticizer or modifi ers arc used
in its forrnul(ltion.

C.

Binder

Th e magnetic tape coating binder is th e mos t
critical p(lrt of the ta pe from the standpo int of
aging. Unfortunately, it is the component alJout
which the lea st information is ava il a ble because
the coating form ulations arc carefull y guarded
trade secrets. The early tapes (prior to 1950) ofte n
failed by aging in as sho rt a period as five years
beca use of chemical or physical degradation of the
binder which wa s manifested by delamination or
blocking (layer to layer adhesion) . The binder
must perform several very difficult roles. In the
manufacturing process it must be susceptible to pro
viding very complete dispe rsion of the iron ox ide
and to depf)siting a rem a rkabl y uniform coating of
the mixture by solvent releil se without solvent
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attack on the base. The final product must furni sh
a smooth a nd tough surface which will not erode or
rub off during playback or adhere to adjacent base
material under the influence of the high radial
pressures whi ch arc induced by winding under
tension. The binder must adhere so firml y to the
base m aterial a nd the iron oxide that it will resist
the stresses of playback and storage without crazing,
flaking, or peeling. Furthermore, it must maintain
these properties d esp ite loss of residual solvent, and
possibl y, plasti cize r as well as chemical degrada
tion.
An early binder resin used was cellulose nitrate
which proved to have excellent adhesive properties
hut, as ha s been noted, (103) (122) (123) has poor
aging qualities. Presently, it is believed, chlorine
bearing vinyls arc much used. These resin s exhibit
only fair adhesion to cellulose aceta te, but this ca n
be enhanecd by such mec ha nisms as the use of a
wash primer of polyvinyl butyral which is hydroxyl
bearing. (113) Other mechanisms which may be
used for enhancing adhesion are soh-cnt attack and
controlled oxidative degradation of the base sur
face. These resins have good a ging qualities but
the cata lytic effect of iron on th e thermal d eco m
position of these resins as well as the change in
properties associated with loss of plasticizer leave
the potential longevity of these coatings somewhat
questionable. Another curren tly used binder is
believed to be a n internally plasticized acrylic resin.
It offers a lo nger theoretical po te ntial storage life
although no data are avail a ble to confirm this.
In addition to these binder materials, other film
forming material s have doubtless hee n studied and
are, perhaps, in usc. Of these materials, the epoxy
resins show great promise. Regretta hly, these crit
ical mater ials cannot be properly evaluated with
the d a ta a t hand, and those most able to make such
an eV(lluation, the research chemists of th e tape
industry, cannot freely comm unicate their knowl
edge because it re presen ts a real asset of their or
ga nizations which would IJe lost by such communi
ca tion. The art of the manufac ture and usc of
synthetic resin coatings is still in a state of rapid
developme nt and one can expect that far superior
coatings to the presen tly used ones will be avail
a lJle in the foreseea hl e future. [t would be a worth
while endeavor, indeed, if the tape manufacturers
would cooperate in the endeavor to de\'c!0p a binder
formulation with optimum aging properties with cI is
regard for the other properties, such as cost , which
are of importance in the competitive marketing of
tape. The obstaeles to such eoopera tion arc fully

recognized but the end results would be of great
benefit to all.
One aspect of binders cannot hc separated from
the nature of the basc material and that is coating
to base adhesion. Because of the difference in
chemistry between the two materials, it is more dif
ficult to obtain good bond between most coatings
and Mylar than it is between those coatings and
cellulose acetate. The initial bond obtained by
present tape manufacturing techniques is excellcnt,
but the experience with the response to natural
aging is not as extensive in the case of Mylar as it
is in the case of cellulose acetate. This poses
another question to which no answer is available
at this time; that is, cloes the possihility of prelna
ture delamination of Mylar base tape outweigh the
advantages which Mylar has over cellulose acetate?
Greater experience with and knowledge of these
materials is required to choose properly between
these materials for long-time storage requirements.
Because these coatings are deposited by sol vent
release and residual solvent affects their properties,
it is desirable to "age" tapes for a period of six
months prior to inspection and recording on them
for long-time storage. Such "aging" should be
done in the conditioning room and should disclose
manufacturing defects not noticeable in the new
tape. In the course of this project, a number of
random tape failures by loss of bond between coat
ing and base or transfer of coating to adjacent
layers were observed after aging which were not
prese~t when the tapes were recei\'Cci. These tapes
were stored at approximately 70° f. and 50% R.H .
in their original containers. It is IJclieved that the
evaporation of residual sol vent was responsilJlc for
the disclosure of these clefects.

D.

The reason magnetic powder is superIor as a
recording medium to a continuous magnetic ma
terial is provided by the domain theory of mag
netism which also is the basis for the theories of
changes in magnetization during aging. In this
theory, a magnetic material is considered to LJe
divided into domains within each of which the local
magnetization is saturated (each domain is a mag
net). The resultan t magnetic momen t of a piece
of this material is dependen t on the size and orienta
tion of these domains. Figure n is a schematic
simplification of this theory. The size and inter
action of these domains exert a great influence on
the response of a magnetic medium and the best
way to control this parameter is to usc powders with
the most desirable powder consisting of sufficiently
1. In an un magnetized piece the domains balance

Ollt

2. A piece may be magnetized Ly changes in
domain size

Iron Oxide

The iJase material and I)inder are used for only one
purpose, to keep the iron oxide particles in place.
This iron oxide is manufactured IJy a careful proc
ess of dehydration and reduction of fe203.HzO to
Fe304' Fe304isblackmagnetite used in highoutpllt
tapes and many of the earlier tapes . At present,
most tapes use the reddish brown gamma ferric
oxide produced by oxidizing Fe:p~. The end
produc t must be very carefully washed to remove
all traces of acid used in the process as acids are
uniform catalysts of degradation for most of the
thermoplastics presently used as binder resins.
Many premature failures of older tapes can prob
ably be attributed to usc of acid iron oxide.

3. Or by domain rotation

Figure 23.

Magnetic domains (after Kittel) (61).
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small particles, each composed of a single domain.
If a small particle is forced to remain as a single
domain, it will not be possible for magnetization
changes to take place by boundary displacement
which usually requires relatively weak fields, but
such changes must be induced by domain rotation
which requires large fields. In such powders, the
important parameters are size, shape, orientation
and separation of the particles. The uniformity of
distribution, size and orientation of the iron oxide
in magnetic tape is therefore exceedingly important
in determining its quality, and the particle size,
shape and separation determine its high frequency
response as well as other magnetic properties.
The basic theory backed up by very thorough
experimental work by a number of investigators
whose results are in substantial agreement form the
basis for the following conclusions (see vVestmijze
(78), Daniel ancl Axon (47), Herr and von Behren
(56), Latham (63). Sound Talk Bulletin No.1 0 (82),
and Radocy (67) (68) (69)) which were verified by
the duplication of experiments reported by the
original investigators. The changes which occur
in signal during long-time storage are demagnet
ization and the introduction of magnetization other
than that originally recorded on the tape.
Tape demagnetization can be dismissed fairly
easily. It does occur, but is primarily a weak field
magnetization (high frequency) phenomenon, and
if a magnetic ta pe is propcrly recorded and is kept
in the proper environment, the amount of attenua
tion will not be noticeable. One can expect a slight
decrease in signal to noise ratio in very long-time
storage, but tape provides such a large initial signal
to noise ratio that this is a minor effect (this remark
applies to storage demagnetization only).
I n the absence of largc external fields, the intro
duction of other than recorded magnetization is
limited to print-through (the magnetization in one
layer of tape inducing magnetization in adjacent
layers). Print-through is probably limited to mag
netization by domain boundary displacement which,
as has been noted, is associated with relativcly weak
fields and requires more than one domain to eAist
in the magnetic particle. The domain boundaries
have preferred positions separated from each other
by potential barriers which vary in magnitude.
The boundaries obtain energy from the lattice
which enables them to surmount the potential bar
riers; the attainment of equilibrium (positions of
lowest energy) is dependent on the magnitude of
the potential barrier and the probability of a
boundary obtaining the requisite energy to sur
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mount it. This can be accelerated by increasing
lattice energy by an increase in temperature or by
making the height of the potential barrier oscillate
by introducing an alternating field. The field of
adjacent tape layers increases the potential energy
of the boundaries and results in a biased redistribu
tion of boundaries which increases the mean mag
netic moment in the direction of the field. Remov
ing the field results in a redistribution of boundaries
in the direction of the original preferred distribution.
In terms of magnetic tape, this means that the
intensity of print-through depends on potential
barrier height and boundary energy which are
influenced by:
(1) Temperature.
(2) Strength of master field and its distance from
the slave particles (which also makes print-through
a function of wavc IF.ngth).
(3) Time of contact and timc of separation.
(4) External A. C. fields .
(5 ) Size, shapc, and orientation of magnetic
particlcs.
It also means that the temperature. time, and
intcnsity relationships should obey difTusion laws
defined by the theory of probability.
In practical terms, the conclusions arrived at by
theory and experimen tare:
(1) The strength of the slave signal is practically
proportional to the strength of the master signal.
In order to obtain optimum signal to noise ratio
togethrr with satisfactory signal to print-through
ratio, all material should be recorded below 2%
harmonic distortion (4 db down from normal
recording level is a usual figure). Recording at
lowcr levels does not improve signal to print
through ratio while it rcduces signal to noise ratio.
(2) Print-through in tensity increascs wi th time
of contact of master and slave and decreases with
time of separation. The rate of mcasur<::d increase
or decrease in db of print-through diminishes
logarithmically with time. \"'hile print-through
does not actually approach a limit, it is an asymp
totic function which is bounded for fmite times of
the order of tape life expertancy. This permits the
prediction of print-through intensity to be made
from short-time tests. Tape inspection proccdure
should include the rne<lsurcmcnt of print-through
and the prrdietion of length of time rcquired for
print-through intensity to reach the maximum
tolerance level. figme 24 depicts this relationship.
Also see .figure 25.
(3) Print-through intensity is a function of signal
wavelength (in mils measured on the tape). Maxi
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mum print-through is obtained from the 10 to 20
mil wavelength (about 1200 cps for 15 ips or 600
cps for 7 J~ ips). I t is recommended that print
through survei llance be performed on a recorded
tone burst of about 10 mil wave length on each
tape a t the maximum recording level of the tape
for inspection purposes.
(4) Print-through intensity is a function of
environmental temperature. For this reason it is
desirable to keep environmental temperature as
low as is compatible with other requirements (see
Figure 24).
(5) Print-through intensity is increased by ex
posure of tape to external A.C. fields (while slave
is in contact with master) of sufficient intensity
and duration. It is believed that stray external

fields below 10 gauss will not cause noticeable
changes.
(6) Print-through intensity is a func tion of coat
in g and base thicknesses. Th e thickest base tape
feasible should be used .
(7) Print-through intensity is a function of the
uniformity, size, shape, and orientation of the
magnetic particles. In recent years, improvements
in manufacture have resulted in coatings which
exhibit far less print-through than older materials.
Theoretically, there is no limit on the improvement
of print-through characteristics which can be
achieved by magnetic particle improvement and it
ca n be expected that much improvement will be
made in the future (such improvement will also
benefit high frequency response).
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(8) Print-through decay can be accelerated by
exposing the tape to A.C. fields when slave is not
in contact \V'ith master (selective erasure). This
will also cause attenuation of other weak field mag
netization (such as high frequency signal). Selec
tive erasure is a valuable curative measure for tape
recorded at too high a level or which has been
exposecl to high temperatures or A.C . fields; in
particular, just prior to re-recording. It should
not be used indiscriminately or carelessly. Selec
tive erasure is best accomplished by using a coil
through which the tape is passed at recording speeds
with reduced erase current from a recorder.
Figure 26 is a graph made of the attenuation of
print-through and signal induced in a general
coa ting type by using an erase head and a poten
tiometer controlled erase current of 100,000 cps.
The measurement is ratio of originnl signal (or
print-through) to attenuated signal (or print
through ) as a function of erase current. I t can be
seen tha t there is a net gain in sign a l to print
through ratio and a n optimum value of the erase
current for this single frequency. Unfortunately,
the attenuation of very high frequency signal would
be much greater than of the tes t signal. As W est
mijze has noted, this can be provided for by a
change in equalization with a loss of signa l to noise

vu

ratio. This all adds up to a critical process justified
only in unusual cases in library operation.
E.

In summary, print-through docs not need to be
a problem. Use of proper tape, proper recording
level, proper storage environment, and proper sur
veillance will keep print-through below the toler
ance level. In those cases where the library has
not had control of these parameters, a n undesirable
intensity of print-through may develop. In many
cases, the recording can be salvaged by curative
measures such as selective erasure. A further ad
vantage ca n be obtained by the future development
of magnetic pow'der coatings far less susceptible to
print-through than even the best currently pro
duced coatings.
The recommended procedure for storing mag
netic tape is to:
(1) Use only metal reels with nn unslotted hub
of N .A.R .T.B. dimensions (10" reel size). The
flanges of these reels must be replaced if the y a rc
deformed out of plane.
(2) Package reels in sealed metnl car:s or sealed
boxes ofa material such as polyethylene/cardboard/
foil /po lyeth ylene laminate . The boxes should be
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stacked on edge in the shelves. Tape should not be
packaged until it is in equilibrium with 70° F and
50% R.H.
(3) Stack temperature should be maintained at
a temperature of 70° ± 5 ° F for often used record
ings, and storage in special vaults at 50 0 ±5° F is
rccommended for seldom used and valuable rccord
ings. Stack humidity should be kept at 50%± 10%
R.H. if this is feasible.
(4) Playback and packaging rooms should be
maintained dust free and at 70 0 ±5° F and 50%
±10% R.H. Tapes exposed to other environ
ments should be conditioned in the playback
environment before playback.
(5) Stray external magnetic fields should not be
permitted in the stack, playback and packaging
environments. The maximum flux density per
mitted should be 10 gauss. It should be remem
bered that all current bearing' wires have associated
magnetic fields. Ordinary electric circuits, if
properly installcd and balanced, will cause no
trouble because the fields will "cancel out."
(6) Playback equipment should be maintained
as recommended by the manufacturcr. This in
cludcs cleaning, tape transport adjustment, and
component demagnetization.
(7) A rewind and inspection deck, separate from
playback facilities, should be used for packaging
and inspection. Winding tension for 1 ~ mil tape
should be constant torque of 3-5 ounces al the hub
of a 10 inch N.A.R.T.B. reel.
(8) The best tape prescntly available for storage
purposcs appears to be 1 %mil Mylar base with some
doubt existing as to the coating to base ad hesion
of this type of tape. Any of the tape manufact1ll'ers
arc presently capable of producing longer lived
tapes if there is sufTieicnt demand for them and it
is hoped that one or more of them will do so . Each
of the major manufacturers produces good tape and
each product seems to have a slight advantage o\'er
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the others in one parameter while being a t a slight
disadvantage in others. The competition in this
market is enforcing rapid advanccs in tape con
struction and formulation which should result in
tapes of superior potential longevity in the foresee
able futurc.
(9) Tape should be recorcled at a maximum lcvel
below 2 % harmonic distortion (4 db below normal
record ing level is usually sa tisfactory). The first
and last fifteen feet of the tape should not be used
for program recording but should have a burst of
10 mil wavelength (approximately 750 cps at 7}~
ips) signal at maximum recording level preceded
and followed by several layers of blank tape for
inspcction purposes. Tape should be aged in the
packaging room for six months prior to recording.
Recorcled tape which has been exposed to other
than the prescribed environment should be con
ditione:! in the packaging room for six weeks prior
to packaging.
(10) Tape should be inspected once every two
years measured from time of last playback and re
wound so that the curvature of the base is opposite
to the direction of thc previous curva ture. This
inspcction should consist of measuremen t of prin t
through caused by the toneburst at the end of the
tape and a spot check at the tape end next to the
hub for coating adhcsion or delamination. It need
not include playback.
The bencfits of rcwind arc in rcduction of creep
induced curvature and print-through. The dis
advantage is in cxposing the surface to oxidative
attack. The tape should be inspected and wound
after each playback.
(11) Storage shelves should be of wood or a non
magnetizable metal free from vibration or shock.
(12) The same care in procurement and ship
ment should be taken with tapc as was recom
mended for discs.

V.

RECOMMENDATIONS FOR FUTURE WORK

Sound recordings are cultural assets worthy of
preservation. In the development of sound record
ing media, potential longevity has been a considera
tion secondary to such parameters as fidelity of
reproduction and cost of manufacture. Because
potential longevity is a property which is incor
porated into an article when it is manufactured, all
that can be done with an existing sound recording
is to keep it in the environment most conducive to
attainment of its maximum life and to re-record it
before failure. Unfortunately, neither the life
span of these materials nor the criteria for detection
of incipient failure are known. This requisite knowl
edge could be obtained in a relatively small number
of years by appropria te studies. The best approach
would not consist of a concentrated effort to meas
ure the parameters of interest but of a five to ten
year study of aging under mildly accelerated aging
conditions. Such an cfTort would consist of:
(1) A large number of unattended but monitored
accelerated aging tests of several years dllfation
using moderately elevated temperatures and varia
tion in humidity and aeration. An individual test
would require the expenditure of but small amounts
for equipment, space, and manpower. The results
of such a program would yield informa tion of value
not only for the manufacturers and collectors of
sound recordings but for all concerned with the
degrada tion of plastics.
(2) Stack surveys of existing collections measur
ing sound recording degradation as a function of
changes in material chemistry. As has been noted
in chapter III A and III C there is a group of
simple chemical analytical techniques which should
predict incipient failure of sound recording materi
als. The data necessary for correlation of these
changes to degradation could be collected by such
surveys.
If a committee of interested people were organ
ized for these purposes and the services of a consult
ingresearch organization were engaged to coordinate
and evaluate the work done by the committee, the

costs would not be prohibitive to acquire the infor
mation which would reduce the costs of surveillance
of sound recording collections and provide increased
security against loss of sound recordings. The
objectives of such a study would be:
(1) To determine the maximum times for which
the different types of sound recordings can be
safely stored without surveillance.
(2) To determine surveillance techniques to be
used for establishing necessity for re-recording.
(3) To establish the most economical environ
ments and storage techniques for sound recordings .
The aforementioned recommendations were
poin ted towards the economical preservation of
existing sound recordings. For the future, it is
desirable to have more stable media of longer life
and less dependence on expensive storage en
vironments and techniques. The present state of
knowledge should permi t manufacture of sound
recordings of several times the potcn tial life of cur
rently used media. If there is sufficient demand for
longer lived sound recording materials, and this
can be proven to the industry, they will, un
doubtedly, develop and produce such materials.
If such demand docs not exist, the cost of develop
ment and production of longer lived materials must
be borne by those few who will benefit from such
endeavor. Even in this latter case it would be
unthinkable not to take advantage of the wealth
of knowledge which has been accumulated by those
in industry, which is largely unavailable at the
present time because of the necessity for preserva
tion of trade secrecy. Such a project would in
volve public relations as well as the cooperation
of many people of such diverse disciplines as
library science, solid state physics, sound recording,
plastics technology and chemistry. If one were to
adopt successful precedent, the formation of a
Committee for the Preservation of Sound Record
ings is indicated. Such a group formed of people
with a mutual interest in the problem and with the
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desire and ability to contribute to the development
of longer lived sound recordings could achieve dra
matic results in this field which would not be
attainable by any single research effort or organi
zation of limited viewpoint. The main obstacle to
progress in this field seems to be the lack of comrnu -
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nication between the different disciplines and this
shou ld be easi ly overCome by such an approach.
NOTE. - For th is re port, it has been necessary to summ<Jrizc
the original data and prese nt them in tabular and graphic
form . The original data, recorded on microfilm, may bc
obtained upon request from the Library of Cong·ress.
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APPENDIX

EQUIPMENT USED FOR THE ACCELERATED AGING OF
DISCS AND INSPECTION PROCEDURE

The purpose of these tests was to detcrmine wha t
changes in playback quality resulted from the
chemical and physical changes of shelf aging.
Equipment used to accelerate changes was:
(1) A Sub-Zero Constant Temperaturc Cabi
net (American Instrumcnt Company
Type Z) which was used for exposurc of
di scs to tcmperatures below ambient.
(2) A gravity convection laboratory oven
(Blue M Electric Company-Blue Line
OV-18) which was used for exposurc of
discs to temperatures above ambient.
(3) An air circulation and humidity control
chamber (a 21 quart aluminum canning
sterilizer purchascd from a hardware store)
in which thc specimens were sealed before
placement in thc ovcn. Two rubber
laboratory hose connections wcre attachcd
to the chamber and brought outside of the
oven to pcrmit control and examination
of the environmental atmosphere. Such a
chamber is a rcquired accessory for ordi
nary laboratory ovens if proper tempera
ture, air circulation and humidity control
are to be achieved.
(4) A porta ble precision poten tiometer (Rubi
con No. 2732) uscd with Copper Con
stantin thermocouples for temperature
mcasuremcnt of disc surfaces.
(5) A portable humidity indicator using
Minncapolis-Honeywell Elements 02291\ 1
through 0229A 11 (see Applied Rcsea rch
Project 4799, R eport I, Minneapolis
Honeywell Research Division , 500 Wash
ington Avenue South, Hopkins, Minnesota
for complete description of instrument).
Humidity control was achieved by the use
of evaporating pans containing saturatcd
sal t solutions.

(6) A Westinghouse C- H5 Mercury lamp with
reflector housed in a stcel cylinder which
contained an air circula tion system to
keep specimen at room temperature. The
ultra violet radiation of this lamp induces
photo chemical rcactions which often
accelera te the ini tiation of chemical degra 
dation in organic materials. Thi s U.V.
exposure was used in an attempt to shortcn
the induction period of natural aging
reactions.
The discs were inspected before, during, and
after aging by the following methods:
(1) Visual examination, including microscopic
cxamination of grooves and land s.
(2 ) Weighing to 0.01 grams after 12 hours of
conditioning at standard conditions (50%
R.H., 70° F).
(3) Noi se measurement. An important para m
eter of disc degrada tion is decrease in
signal to noise ratio caused by changes in
the smoothness of groove wall surfaces.
Possible causes of such surfacc changes are
microcracking, spalling ofF of material and
dimensional changes induccd by stress re
laxation (39) or chemical dcgradation. In
order to mcasure changes in noise, the
unmodulated groove disc specimens were
used and electronic equipment assemblcd
as shown in Figures 27, 28, and 29.
The noisc measuremcnts to be made consisted of
(1) counting of the noise spikes that reached a pre
determined level of voltagc and that occurrcd
within a ten revolution period of a record , and, (2 )
the integration of all of the noise under a predeter
mined level of voltage that occurred within the
samc ten rcvolutions. The total noise signal was
picked up from thc record by the pickup which was
connected into a preamplifier whose outf-lut was
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Phonograph
Pickup

Bench Built
Integrating
Circuit
and
Spike Rectifier
(See Figure 3)

"Tektronix"
Low-Level
Preamplifier
Type 122

"white
noise"

"Esterline
Angus"
Recording
Voltmeter
4305

Rek-O-Kut, B16H Turntable
with A0160 Pickup Ann
Pickering 370-10 Cartridge
"spike
count"

J
"Berkeley"
Model 5571
Frequency Meter
(or Cou nte r)

t
Magnetic
Pickup
Head

Figure 27.

"Ballentine"
Amplifier

Block diagram of noise measuring equipment.

connected to a phase inverter circuit. One signal
path, after the phase inverter, was through a recti
fier circuit to a jack that lead to the pulse counter.
The other part was through a limiting circuit to a
gate tube, through a transformer to a full wave
rectifier, and from there to an integrating circuit.
The output of the integrating circuit was connected
to the grid of an amplifier tube, and an Esterline
Angus recorder was connected in the plate circuit
of this tube to give an indication of the integrated
nOIse.
The counter had controls that allowed it to count
everything that was lead into one input between
a voltage excursion at the other input and the tenth
following excursion. The eleventh excursion then
started the count over again. To provide the pulses
for starting and stopping the counting opera tion,
a small magnet was attached to a point on the rim
of the turntable, and a magnetic pickup head was
located in such a position that it would have a
voltage induced into it with each revolution of the
turntable. This pulse output was connected to
the input of a Ballentine amplifier which amplified
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ten revolution
control

it to a level that would trigger the counter circuit.
This method provided a period of measurement of
ten revolutions of a record. A positioning arm was
made that would provide a method of positioning
thc stylus in the same groove of the record each
time that the record was tested.
The gate pulses were fed into the integrator
circuit through a cathode follower probe that was
connected into the counter unit. These pulses
were used to operate an interlock relay system that
in turn caused the integration circuit to begin
operation. After the tenth pulse cut the circuit
off, the relays were locked in such a position that a
reset button had to be pushed before the circuit
would begin summing again. This feature was
added to keep the eleventh trigger pulse from
starting the summing operation again before a
reading of data could be made and the integrator
capacitors discharged. A pilot light indicator was
connected to one of the relays in such a manner
that it would give an indication as to when the
circuits were counting and integrating. This
feature was put on the equipment in order to alert
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(9) Immediately take the reading on the
counter when the indicating light goes off.
(10) Mark id e ntifying information on the
recorder chart.

OPERATION

The operational procedure was as follows in the
order given:
(1) Turn on the counter unit and allow at
least twenty minutes for warmup.
(2) Turn on the Tektronix preamplifier, the
Ballentine amplifier and both power sup
plies for the integration circuits .
(3) Position the turntable so that the small
magnet that was on the rim was in sueh a
position that the turntable had to make
at least %of a revolution before the mag
net could pass in fron t of the magnetic
pickup head .
(4) Place th e pickup on the record in the
desired position using the pickup position
ing arm for exa ct placement.
(5) Push the reset button on the counter.
(6) Turn the Multiplier switch that was
located on the integrator chassis to "Dis
charge" and then back to the desired
range for measurement.
(7) Pu sh the reset button on the integrator
chassis.
(8) Start the turntable.
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8.0

Integrated noise (capacitor voltage) vs. output current.

the operator so that he would know when to take
his reading from the counter.
1.

6.0

2.

CALIB RA TION

a. Diode Limiter Bias in Integration Circuit.
The transformer that was used in the integra tion
circuit sta rted to distort noticeably when a 1000 cps
sine wave signal of 27.5V RMS was applied to its
primary. A signal of 0.5 volts RMS or 0.707 peak
to-peak on the grid of the 6AK6 driver tu be caused
a signa l of this size to appear across the primary.
The limiting diodes were biased a t a point that
caused them to sta rt elipping at this voltage. To
accomplish this, the following operating procedure
was used:
(1) Feed a 1000 cps si ne wave signal into the
input of the integration circuit, and with
the gain control in a full clockwise position
and an oscilloscope connected to the grid,
pin 1, of th e 6A K6 driver tu he, observe the
waveform.
(2) While increasing the signa I amplitude, ad
just the diode bias controls for maximum
bias, which was indicated by the maximum
signal that could be fed in without clipping.
(3) Connec t the oscilloscope to the plate, pin 5,

s
s

J

e

e

h

n

I,
e

of the driver tube, and turn the signal gain
down until distortion just begins to appear.
(4) Adjust the diode bias controls until both
top and bottom of the waveform begin to
be limited.
b. Output Tube Bias.
With no signal into the integration circuit and
with the storage capacitors discharged, the bias
control was adjusted until a 0.5 mao reading was
obtained on a milliammeter connected to the ou t
put jack. A curve that was plotted for the output
tube shows tha t this setting gave the most linear
output from the tube .
c. Counter Adjustments.
Explora tory tests showed that some noise spikes
reached 10 mv or higher, so a nominal value of 5
mv was chosen as a starting level for the spike
counting. This would be 3.5 volts RMS after
amplification. The following operating procedure
was used for counter adjustment:
(1) Connect the output of the Ballentine ampli
fier to the "B" input of the counter.
(2) Set the "Function" switch to "Coun t".
(3) Put the "B Slope Swi tch" to
(4) Start the turntable, and adjust the "B
Attenuator" and "Trigger Level" adjust
ment on the counter and the gain switch
on the amplifier until a dependal)le count
was obtained.
(5) Set the "Function" switch to "6X10."
B
(6) Feed a 3.5 volt RMS signal from a signal
generator into the "A" input, and with the
turntal)le signal still triggering the "B"
in pu t, adjust the" A Slope Swi tch" to " +";
adjust the "A Attenuator" switch and
"Trigger Lev el" control until the counter
just bcgan to count.
(7) Adjust the "Display Time" control to a
position that would cause the display to last
less than the time of one revolution of a
record.
(8) Disconnect the signal generator, a nd con
nect the output of the Tektronix amplifier
to the "A" input of the counter.
The equipment was now ready for operation.
The "A" controls were left in the above positions
for the duration of a test series. If they had been

"+".

moved, the 5 mv p~ak counting level would have
been void.
The equipment now counted all noise bursts that
were 5 mv peak to peak and over as delivered from
the pickup.
d. Measurement oj Change in Signal.
An important panmeter of disc degradation is
change in groove geometry which might result in
changes in recorded frequencies) attenua tion of
recorded signal, and distortion of recorded signal.
Possible causes of such groove geometry changes
are dimensional changes induced by stress relaxa
tion or chemical degradation. In order to observe
and measure possible changes in recorded signal,
the standard frequency test disc specimens were
used and electronic equipment assembled as shown
in Figure 30.
Noise, distortion, and wave form were observed
with the oscilloscope and summed on the Esterline
Angus recorder. Signal strength and frequency
were measured by the VTVM and "Berkeley"
frequency meter.
Care was used to prevent surface damage to the
discs during testing as the playback qualities of a
phonograph record quickly deteriorate when discs
are carelessly handled. Disc surfaces were never
permitted to slide over other surfaces, as sliding
contact with even plastic envelopes can cause
scratches from dust particles caught between the
surfaces. Rubber gloves were uscd for disc han
dling when it was necessary to touch grooved sur
faces . Discs were kept clean by using the tech
niques recommended in Chapter III E. This treat
ment eliminated the problems of noise caused by
dust or electrostatic charges.
The coating failure observed was a cracking,
shrinking and delamination of the nitrocellulose
film . Changes in noise are reported in db with
respect to the original noise level of the disc. Be
cause the first play, after cutting, of acetate discs
is much noisier than subsequent pla ys, the new
discs were cleaned, played once, cleaned and
played again. The second playback was used as
the refcrence value for noise. Control discs for each
test were kept in the conditioning cllvironment
at 70° F and 50% R.H. and inspected each time
that the test specimens were; no change was ob
served in the control discs.
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*Phonograph
Pickup

-

*"Tektronlx"
Preamplifier

-

Bench Built
Band Elimination
_
Filter Set for
Playback Frequenc
and Rectifier of
Standard Design

*Integratlng
Circuit

-

"
*Esterline
Angus"
Recording
Voltmeter

Monitor
(8" speaker)

Du Mont Osd Ilograph 304H

Vacuum Tube Voltmeter
* See Figure 3 and discussion of Noise
Measurement For equipment details.
*" Be rke ley" Freque ncy Mete r

I
-

Magnetic Pickup
Head

Figure 30.
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*"Ballentine"
Amplifier

Block diagram of signal measuring equipment.

