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PREDICTION OF THE LONG TERM STABILITY OF POLYESTER-BASED RECORDING MEDIA

by
Daniel W. Brown, Robert E. 'owry and Leslie E. Smith
Polymer Science and Stardards Division

National Buresu of 3Standards
Washin <~ D. C 20234

ABSTRACT ‘

The stability of poly(ethyleneterephthalate) is being studied’in order
to predict its long term behavior as the base of the film and tape used to
record archival information. This report contains results of the first year's
work. Film base, with and without photographic and other coatings, was aged
at several temperatures and humidities. Mechanical and calorimetric properties
and molecular weights were measured at intervals. Degradation was relatively
rapid at temperatures of 115, 100, and 85 °C at 100% relative humidity. The
scission rate at 85 °C was about 10'6 mol scission/g-day and the activation
energy was 13 kJ7mol. Rates decreased strongly with relative humidity, becoming
negligible in dry air and nitrogen. At 55 °C and 100% relative humidity
degradation was not significant in 163 days. Samples were seriously embrit.led
by the introduction of about one scission per molecule--about 10'4 mol scission/qg.
In its present state, gel permeation chromatography probahly is not precise
enough to be a good degradation monitor, since one would like to know when
degradation had exceeded.a fraction of the damaging level. Differential scanning
calorimetry showed 1ittle change in melting behavior of samples aged at 55 and
85 °C. Glassy samples crystallized during aging at 85 °C but not it 55 °C.

Magnetic tapes based on poly(ethylene terephthalate) usually hove a

polyester polyurethane binder that holds the magnetic particles. The




binder is thought to be more sensitive to hydrolysis than the tape base.

*.Results obtained with a thermoplastic polyester polyurethane imply that
“ there may be an equilibrium extent of degradation for any storage con-
dition. At 20 °C and 50% relative humidity, about 70 x 10'5 mol scissions/g
might 2ccur. The corresponding molecular weight 15 only 1400 and it is
expected that binder of this molecular weight would be too soft.
It 1s anticipated that the study will go on for four more years. Agings
at 35 °C at several humidities are going on and samples will be axamined at

intervals. Attempts wiil be made to develop more sensitive methods to detect

degradation.

Key Words: degradation; film base; hydrolysis; photographic film; polyester;
poly(ethylene terephthalate); recording media; stability

1.0 Introduction

Many of the cultural, historic, and commerci&I records are now kept
in forme other than that of the traditional paper books or documents. Tapes
for audio, video, or digitally encoded information as well as microfiln are
increasingly popular stcrage media because of their higher storage dens:ty and
their compatibility with automated data access and retrieval systems. Newer
electrographic imaging systems combine the advantages of microfilm with the
ability to update pages, thereby tctally eliminating the need for paper records
even for active files.

Poly(ethylene terephthalate) (PET) is the supporting base in much of the
photographic film and most of the magnetic tape that is used to record
archival information. The 1ifetime of PET is unknown under conditions of archival
storage. Similarly, polyester polyurethane binder, used to hold magnetic

particles on magnetic tapes, has an unknown lifetime.




Over twenty years ago, similar consiaerations prompted the Library of Congress,
with support from the Rockefeller Foundation, to sponsor a study of the archival
qualities of phonograph discs and the types of magnetic tapes available at that
time. The report of that study, "Preservation and Storage of Sound Recordings”
by A. G. Pickett and M. M. Lemcoe, contains a discussion of the probable modes of
deterioration of those recording media and recommendations for storage conditions
that still seem reasonable today. The present study was begun in 1981 under
the sponsorship of the National Archives. It begins a five-year program aimed
at producing measurement methods and data for predicting the 11fet1me§ of
polyester-based materials under archival storage conditions. It is hoped that
the results will be general enough to be applicable to the products which will
be available during the next ten to twenty years and is therefore not uerely an
assessment of the stability of specific current products. This report describes
the results of the first year of the study.

2.0 Background 0 G

2.1 PET. This polymer has the chemical structure, (CHZCHZO c CGH:CO)n.
Industrial production has been described recently {[1}. Currently the

polymer is made from dimethyl terephthalate by catalyzed ester exchange

with ethylene glycol. Two exchange steps are involved. In the first,

bis {hyaroxyethyl) terephathalate is formed at about 150-200 °C and methanol

is distilled off. Reaction catalysts are acetates of cobalt, magnesium or zinc.
PET is formed in the second step by heating the first product to 280 °C with
antimony trioxide. Ethylene glycol is formed, which 1S removed under vacuum,
thereby favoring polymer formation. At 280 °C, residual catalyst from the first
step would convert some ethylene glycol to bis-(hydroxyethyl) ether. This could
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| enter the polymes hrough ester exchange and affect its propertiex, Tg prevent
this, phosphoric 35id or triphenyl phosphate is added along with the antimony
trioxide. Thesa mplex the acetate catalysts and render them inngcyoys,

Recently h:gr purity terephthalic acid has become available in 1arge
quantities and ma: become the starting material of choice. In this process
bis-(hydroxyethy~ terephthalate would be made directly from terephthalic
acid and ethylene 31ycol, using titanium alkoxides or diaikyl tiN';xides or
carboxylates. »-:1 these present, cunversion of bis (hydroxyethyi) terephthalate
to PET does not ~quire antimony trioxide, although some may be used,

Storage qua “ties of the finished product may be affected by the process
used. Specifica’'y, since catalysts must act on forward and reverse reactions,
residual esterf:cation catalyst will promote hydrolysis. If the catalyst is
destroyed by sice reactions (hydrolysis, for example) the residuai activity
may not be grea:. [n a study of the nydrolysis of poly(butylene adipate)
glycol we found chat it hydrolyzed with & smaller rate constant If it haq
been prepared without catalyst.

A side reaction that occurs during polymerization of PET may a1so
be important to its sutsequent storage qualities. This is the telf dispro-
portionation of the polymer chain to form vinyl (-~ CH = CHZ) ang scid
(HO E c6H4 C0--) end groups. Hydrolysis of esters is known to te acid
catalyzed so manufacturers strive to keep the acid content low. Acid concen-
trations of 15-50 u eq/g are typical of commercial polymers [2].

The number (Mn) and weight (Mw) average molecular weights +f commercial

PET are about 20,000 and 45,000 g/mol respectively. About 1.3-1 .3 wt. %




of cyclic compounds-dimers, trimer, tetramer, and Pentamer, are present.

The most abundant is a cyclic trimer (2,3]. Conceivably, these compounds may
migrate out of the polymer in prolonged or high temperature agings, affecting
physical properties and the measyred Mn.

PET is weak, brittle, and Opaque unless subjected to a complex
thermomechanical treatment [2] to be described. Polymer is heated above
the melting temperature, Th (about 250 °c), extruded, and quenched. Then it is
heated to about 135 °C (the glass temperature, Tg, is abcut 70 °C) ang stretched
biaxially, Subsequently the polymer is heated to about 150 °C, under restraint,
and scme crystallizatqon occurs. It is then cuoled and may be “tensf]ized" by
stretching it unidirectionally. The result is a clear fiIm with a tensile
strength as high as 200 MPa (30,000 psi) and an elongation at break of about
150%. Although the film is quite clear, the amount of Crystallinity is
3ppreciable--from 30 to 50% is estimated by Calorimetry.

Glassy PET, Prepared by simply melting and quenching the polymer,
is clear but is weaker and less deformable than }ully treated fiim. Therefore,
the tremendoys improvement in mechanical properties brought aboyt by the
thermomechanical treatment is due to residual orientation and stress in the
film. The presence of residual stress is shown by the two fold shrinkage 1in
length and width that occurs if a film is heated quickly to 285 °c,

Temperatures in Previous aging studies of PET have generally been
above Tg in order to keep aging times from becoming unreasonably long. Archiva]

storage temperatures are normally of the order of 20 °C or below [4].
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Thus a rather rather long extrapolation below Tg is required when applying

previous data to the temperature region of interest. There is no convincing
evidence that such extrapolation is valid. Indeed, one anticipates some

g
would expect that a scission in an amorphous portion of a polymer chain would

discontinuity at Tg because of changes in mobility. Thus, above T, one

pe followed by rapid relaxation of any strained configurations that portion
had. Considerably below Tg one vould expect the broken chain would maintain
its strained configuration. Presumably there should be differences in physical
characteristics that reflect such contrasting behavior that would not be

taken into account by simple extrapolation through Tg.

There have been several aging studies involving PEi. We will not attempt
to review all but will describe the most important ones. The reaction of primary
interest is ester hydrolysis, which breaks the polymer chain generating acid and
alczohol groups, i.e. HZO + -coz- > vCOZH + HO-.

One of the most thorough of the previous studies is that by McMahon
et al. [5]. The hydrolysis of PET was studied at temperatures hetween
130 and 50 °C at relative humidities, RH, of 0, 20, 50, 75, 23, and 100%.
Samples consisted of 0.5 and 10.0 mil-thick film, the former more oriented
than the latter, and 1100 denier yarn. The maximum time was 300 days. The
amount of chain scission, calculated as the fraction of ester groups hydrolyzed,
was deduced from intrinsic viscosities. Measuremgnts were also made of tensile
strength, elongation and density. Infra-red spectra were studied.

Plots of the amount of chain scission versus time showed upward curvature.
However, this became appreciable only after samples had become brittle so rate
consiants for chain scission were taken as the initial slopes. For the 0.5 mil
sheet these were approximately proportional to RH at constant temperature and
had an activation energy of about il10 k J/mole, independent of RH. Rate
constants for the 10- mil1 sheet increased more rapidly than relative humidity

but were 1/4 to 1/2 those of the 0.5 mil sheet. The activation energy was

8




about 120 kJ/mol. It was assumed that-diffusion limited the degradation
rate of the 10 mi1 sheet. The yarn, which had threads thinner than 0.5
mi1, was considerably more stable than either sheet. Possibly orientation
and/or crystallinity contributed to these rate differences.

The 0.5-mil1 and 10-mi1 films were judged to have failed when G.7
and 0.5% of the ester groups had beeu hydrolyzed, respectively, which
amounts to about one ester group broken per molecule. Extrapolation by the
Arrhenius equation gave lifetimes of about 500 and 800 years, réspective1y,
for these films at 25 °C, 50% RH.

The lowest temperature at which work was reported is 60 °C. In 300
days at 100% relative humidity the intrinsic viscosity had decreased from
0.53 to 0.45 dL/g. The decrease was approximately uniform with time.

The value of T_ in such a long 2xperiment may be less than 70 °C, so it is

g
uncertain if this degradation is below T .

Arguments were given [S] to the eff:ct that degradation due to thermal
or oxidative scission is about three orders of magnitude less than
hydrolytic scission at 100% RH. The data for films at 90 °C in dry air
initially showed a small decrease in intrinsic viscosity followed by an
increcse to about the initial value.

During degradation of the films there were increases in density,
attributed to increases in crystallinity, and also increases in absorbance
at 3425 cm". attributed to incorporation of -OH groups in the polymer.

A more recent paper described hydrolysis at 10C °C, 100% RH [6].
Carboxylic acid contents were measured at various times for sampies

having different initial acid contents. These data show clearly that

degradation is autocatalytic, the rate increasing proportionally to

initial acid content and exponentially with time. Since acid contents of the

samples studi:d by McMahon et al. [5] were not given, it is possible that some

of the differences betveen samples were due to differing initial acid contants.

9
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The above stucdies did not involve film bearing photograghic emulsions,

which might affect the degradation. Adelstein and McCrea r7,8] have aged
photographic film and also uncoated film base.

Sampies were sheets of base, 4 mil thick in the case of PET and
also sheets of exposed and developed photographic film, on the same
thickness of base. Most of these wers preconditioned at 21 °C, 50% RH
and then sealed in 2.5 cm diameter glass tubes, about 100 sheets o? one
kind to each tube. The volume of the tube was made small to mifimize
evaporation of moisture from the samples. The samples were then placed
in ovens at temperatures betweeri 71 and 125 °C for various times. Proper-
ties measured included intrinsic viscosity, tensile strength and elonja-
tion, emulsion melting and image loss, and brittleness on rapidly bending
the film. The last two are qualitative tests.

The results for the first three properties were assumed to obey
first order kinetics and rate constants were calculated as the fraction
of each property lost per unit time. These rate constants were not used
directly in extrapolation but instead were used to calculate times to 20%
viscosits loss, 10% loss in tensile strength, 2:d 10% loss in elongation a+
break. Times to emulsion melting and image loss and onset of brittleness
were also judged. These times were extrapolated by the Arrhenius eguation
to 21 °C. The extrapolated times range from {000 to 2000 years. Relative
humidities at each temperature are unknown and must be different, so the
reliability of the extrapolation appears questionable.

Longer experiments were done in which samples were aged at 25 °C - 60% RH,
38 °C -78% RH, and 50 °C - 20% RH for times up to 24 years. After 24 years at
25 °C, 60% RH decreases in intrinsic viscosity and elongation were 3% and
22% respectively; tensile strength appeared to increase slightly, about 5%.
The extrapolation described above predicts that in 24 years losses of these

three properties will be 0.1, 0.2, and 0.4% respectively at 25 °C. Thus the

-
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extrapolation described above predicts rather different changes in properties

. than were observed.

PET bese with a photographic emulsion layer degraded about three
times faster than the uncoated support. This was attributed to production
of ammonia from the gelatin. Ammonia is known to attack PET quite severely [2].
However, to us it seems that the effect might also be due to humidity differences,
since gelatin which sorbs water strongly at 21 °C, might desorb it at oven
temperatures. Relative humidities would be greater in these tubes. At high
temperature the film with the cellulose triacetate base appears somewhat more
stable than the film with the PET base. Below 100 °C this situatioh is reversed.
2.2 Magnetic Tape. Most magnetic tapes consist of a thin (0.25-1.50 mi1) PET

substrate with a front coating containfng a magnetic naterial, commonly vy Fezo3
or Cr02. The magnetic material is embedded in a polymeric binder. Common
birders are based on polyester polyurethanes. Sometimes there is a carbon
coating on the back, which is also embedded in a polymeric binder. The carbon
coating dissipates electrostatic charge.

The polyester polyurethane binders used on tapes are highly cross-
linked materials with complex structures. They can be expected to have
5 - 10 times as many ester groups as urethane groups. Aliphatic esters
are used; these are more susceptable to hydrolytic degradation than the
PET cubstrate. Thus the degradation of interest in magnetic tapes is
primarily that of the binder. On degradation this softens; adjacent
layers of tape may stick together or the binder may stick to the recording
heads. Ultimately the tape becomes unreadable.

The hydrolytic degradation of soluble aliphatic polyester polyurethanes
is quite well understood [9,10]. The reaction proceeds by the equation:

HyQ + ~CO,- k, -CO,H(A) + HO- (1)

11
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Here an ester link, «COZ-. reacts with water, breaking the polymer chain

and giving an alcohol and a carboxylic acid (A), which catalyzes the reaction.
Typically there are about 10'2 mol ester groups for one gram of polymer.

If 5 - 10% of these are hydrolyzed the polyurethane molecular weight

becomes ataout 1000 - 2000 g/me:. This is far too low to have the mechanical
properties of a polymer. Thus severe property degradation can occur

without much change in the ester concentration. Fo= any sample, the

water content is determined by the relative humidity and the temperature and
is not much affected by the extent of degradation. Consequently, uster and
water concentrations can be included in the rate constant, k. Scissions

in mol/g¢ are egual t0 the change in the reciprocal 2f the number average

1).

molecular weight, & (Mn' This equals the change in acid content. Since

the reaction is acid catalyzed the applicable differential equations are:

-1
d a(M. ")
d{A] , —— = k[A] : (2)

t t
where t is time and k is the fractional rate of increase in acid ccncentration.
After integration:

[A] = [Aolekt (3)
s, 7") = [A] (e55-1) (4)
where [AOJ is the initial acid content, about 10'5eq/g.
For polyester polyurethanes based on polycaprolactones an! polybutylene
adipates, k was approximately proportional to relative humidity and, at
100% RH, increased with temperature with an activation energy of about 75
kJ/mol [10].
Carbodiimides are sometimes used as hydrolysis stabilizers in
poiyester polyurethanes because they react with acid, reducing reaction 1 to
negligible proportions. However, there is a slow uncatalyzed hydrolysis,
ordinarily negligible, which continually generates acid [11]. This reacts

with carbodiimide, eventually consuming it. Subsequently, reaction 1 again

becomes significant and destroys the polymer.

12
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Esterification, the reverse of hydrolysis, may be significant at
low relative humidities. T+ k' s the rate canstant for the reverse of
reactien (1) then the rate of ester formation will be k‘ [A]ZEHO-]. The
acid concentration is squared because acid was a catalyst for the forward
reaction and so must be one for the back reaction. If hydrolysis has occurred
to a moderate extent, [A] and the (HO-] will be abr st aqual, since [AOJ is small
arid acid and alcohol form at equal rates. Thus a sample underqging degradation
at low RH ought to reach an equilibrium described by the equations:

k(A = k '[a2% or k = & [aT? (5)

At 35°C, 100% RH, unstabilized, solunle pslyester polyurethanes
lasted about 400 - 500 days before becoming very weak. Highly cross-
linked materials would be expected to last longer because more scissions
would be required to reduce the molecular weight to a critical valye.

Such samples have been axamined. Cross-linked reticulated foams, taker
from airplane fyel ta;ks, have been studied by preaging them until

soluble and then aging them for additional periods to measure the rate

of increase in acid content [12]. The rate data were extrapolated backward
in time to get the acid contents before acing. These correlated well with
mechanical properties and the times (5 - 8 years) the materials had been in
service. The a:ctual rate constants were about equal to those of soluble
polyurethanes.

Two studies have been concerned with the hydrolytic stability of
magnetic tape binder. . F. Cuddihy measured the weight of acetone-
soluble components and evaluated the adhesion betweer binders and PET
[13]. Agings were done in air and in nitrogen at relative humidities of
0, 11, 30, and 100% at temperatures of 36, 48, 61, and 75 °7, Samples
that had been hermetically sealed at relative humidities of 30, 60, and

13
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1J0% at each temperature were also aged. The weight of the acetone
soluble materials decreased at 0 and 11% 3 and in all the hermetica1l¥
sealed samples, incicating that crossiinking occurred. The other samples
showed increases in sol fraction. These increases were attributed to
scissions caused by hydrolysis. The crosslinking was attributed to the
reverse process, estarification.

The adhesive strength between binder and PET was estimated by
rubbing the tape with a swab that had been soaked in tetrahydr&furan and
measuring the time required to dislodge the binder layer. Values were
142 seconds for unaged tape. They ranged down to as little as one
second for a sample aged 14 weeks at 75 °C, 100% RH and up to 30 seconds
for samples aged 14 weeks in dry air or nitrogen at 75 °C. Thus the
results parallel the sol fraction observations.

The crosslinking effect found for hemetically sealed samples is
puzzling since the samples were supposedly equilibrated at humidities
high enough to cause degradation. Thus, unless the binder initially had
considerable acid and alcohol, one would expect that the sol fraction
would increase and the humidity decrease until hydrolysis and esteri-
fication wiat on at equal ratec Relative humidity was measured in
several axperiments and fou. - acrease. As noted above, sol fracticns
decreased. Possibly the iron oxide particles contain some Fe(OH)3, which
reacted with carboxylic avic to give water and an iron carboxylate.

Cuddihy concluded that at a relative humidity of 24% at 21 °C the
binder should be <:iable, neither crosslinking nor degrading.

The second study of tape stability was undertaken for the U.S. Air Forcs.[14].
The effect of humid aging was only part of the study; much of the effort went
into mechanical characteristics of tape winding and their effect on long term

tape readabilisy.
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To study the effect of humidity, reading error rates were measured
pefore and after aging tapes at: §5 °C, 100% RH; 20 ¢, 50% RH; and 20 °C
in a hemetically sealed container (conditions at closure were not stated).
Tapes were examined at three month intervals for 12 - 15 months. Low
density and high density mul titrack systems were used. At 20 °C it was
concluded that the error rate increased somewhat but remained small,
about one error in 106 to 107 bits. However there were some unreadable
blocks and tracks, usually on the outer part of the reel or oq:the
outer edge of the tape, that were eliminated from consideration. At 55 °C
the}e 4as severe binder degradation, to the point where binder flaked
off the tape if it was stretched. Reading difficufties started after
six months of aging and became worsel However, with the multitrack system,
information could be recovered after 15 months aging at 55 °C, 100% RH by
combining results from several tracks.

The authors of the report were aware of the Cuddihy work and
attempted to use it to calculate a relative humidity-temperature 1ine
along which there would be no hydrolysis. However, they set up the
equilibrium as k = k1[A], which appears contrary to the law of mass
action. Consequently, their recommended storage conditions, 18 °C at 40%
RH, are suspect in our estimation. Qur own experience with a variety of
nolyester polyurethane alastomers suggests that considerable degradation
would occur under such conditions, but we have no experience yet with
tape binder.

3.0 Prasent Approach

3.1 PET. samples of several materials are being aged at 25, 50, and 100%
relative hum:dity at 35, 55, and 85 o¢c. In addition to two exposed and
developed photographic films, there are samples of two electrographic

systems, some uncoated PET film base, and NBS 1470, a PET film having

15
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known permeation charuicteristics. Samples for each condition are in one

large test tube closed with a rubber stopper. The samples are suspended
on a frame above the LiCl humidifying solution. In addition, samples of
the leader are being aged in sealed tubes under dry air, dry nitrogen,
and nitrogen at 100% RH. The ccating has been removed from some of the
commercial samples in order to get rusults with and without coatings.
At 35°C some samples contain test patterns in order to see effects on
the gelatin layer. .
Samples are removed at intervals, tes“ad for brittleness by creasing,
and their molecular weights are determined by gel permeation chromatography.
Tensile strengths, TS, and elongation, E, are =easured in many cases. A

differential scanning calorimeter (DSC) is used to observe glass and melting

behavior and measure AHf, tire heat of fusion. A potentiometric titrator has

been received and acid contents will be determined. Some infrared measurements

were made and more are planned.

Two sets of smaller scal: experiments are beina run. Thesg involve
glassy samples and samples preaged at 85 °C, 160% RH. These are being
aged only at 100% RH, the last set only at 55 °C and 35 °C.

Properties of unaged sampies are in Table [. The first three materials
(all photographic products) and coated electrographic film D have similar
properties. Other materials hcve somewhat lower values of M, and TS and
higher values of 8He. Values between 113 and 144 J/g have been estimated
(13] for 100% crystalline PET, so our samples appear to be 30-50% crystalline
by calorimetry.

Uncoated electrographic film C has particulary high values of AHf
and E and a Tow value of TS. [t "necks" in the tensile tester suggesting

that 1t was not prestretched as much as the other materials.

16
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The lower molecular weights of the glassy polymer indicate that
it degraded during preparation. When heated in the calorimeter it
exhibits a strong glass transition, then crystallizes, and finally melts.
This behavior is shown later. Pieces of the glassy nolymer were small and
contained bubbles. Consequently, their tensile properties were not measured.
3.2 Tapes. To date we have not aged magnetic tapes but have been studying
equilibrium characteristics of esterfication at different humidities and
temperatures. Materials studied include a polyester polyurethane elastomer
and several polyester diols used to make polyester polyurethanes.
4.0 Results
4.1 PET
4.7.)1 Mechanical Properties. Table II 1lists the aumber of days of aging

after which samples cracked when creased, a qualitative test designated

"Finger Brittleness.” These times depend on humidity and temperature.

No failures have yet been observed in samples aged at 85 °C, 25% RH or at

55 °C. At 85 °C, 100% RH, approximately 100 days cause failure of all samples.

€lectrographic film C was embrittled more rapidly than the others. ,
Figures 1 and 2 show elongation at break as a function of aging

time at 83 °C. The figures show effects of surrounding gas, relative humidity,

and removal of any coating. The lines indicate the general trends of the data.

A+ 100% RH almost ali elongation is lost between 80 and 100 days, whether in

air cr in nitrogen, whether coated or not. Specimens of uncoated and coated

electrographic film C, aged at 100% RH, were not run in the tensile tester.

The former was too brittle to handle after 61 days, at which time only a

small piece of the latter was taken. After 81 days the latter was too brittle

to handle. At 50, 25, and 0% RH all samples show progressively less loss of

elongation. -
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Figures 3 and 4 show tensile strength as a function of aging time
at 85 °C. Decreases on aging are not nearly as severe as found for
elongation. The influence of humidity and the lack of any consistent
di fference assoc.. ~ with the presence of a coating are qualitatively
as found with elongation.

4.1.2 Chain Scissions in PET. Molecular weights were measured by use of gel

permeation chromatography using four microstyragel columns having pore
sizes 10', 102, 10, and 10* nm. The solvent was hexafluoroisbpropano!
containing 0.01 M sodium trifluoroacetata. This salt tends to prevent
adsorption of polymer on the packing. Calibration was performed by
using published chromatograms and intrinsic viscosities of PET in
hexafluorisopropanol [16] to calculate the Mz k HouWink equation between
intrinsic .iscosity and molecular weight at the chromatogram peak. This
relationship was assumed valid for our polymers. Then we determined the
intrinsic viscosities and chromatographed several of our degraded and
undergraded samples. Use of the Mark Houwink equation gave molecular
weight at the peak as a function of retention volume on our column set.
This calibration technique is being used on a tentative basis.
Efforts were also made to develop a calibration with a better theo-
retical basis. Narrow fractions of polymethyl-methacrylate were purchased
and a universal calibration was developed (polystyrene is insoluble in
hexafluroiscpropanol and so could not be used). When applied to PET this
calibration gave values between 3000 and 200 for undegraded and degraded
samples and thus was seriously in error. The reason for the failure is

unknown. Also, in our preliminary work we found that metastable solutions

of PET could te formed by dissolving it first in hexafluoroisopropanol and

then diluting 30 fold with chloroform. These solutions were.stable for
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7-10 days and so could be chromatographed. The mixed solvent, being effectively
chloroform, dissolved polystyrene fractions, which were chromatographed and
the results made the basis of a universel calibration. When applied to PET
the result was as above, unbelievably low molecular weights.

Several chromatograms of degraded and undegraded PET in hexafluoro-
isopropanol are in Figure 5. The secondary maximum at about 37 cm3 was
found with all materials. The progressive shift of the peak maxima to
higher retention volumes as aging time increases means that thé molecular
weight decreases on aging. Aging at 100 °C and 115 °C for short times

-caused severe degradation. There are small peaks at higher retention velumes

than shown here, 40 - 60 cm3. These are observed if polymer-free solvent

is injected and so are ignored. -

The molecular weights are calculated from the chromatograms by
assuming that the height above the baseline 1is proportional to the con-
centration of polymer, whose molecular weight is determined from the
retention volune at which that height occurs. Therefore, the weight
fraction of polymer in a certain molecular weight range is proportional
to that fraction of the total area under the chromatogram between certain
retention volumes. A digiial computer is used to make the necessary
summations and calculate M, and L

One characteristic of the results is that Mn is quite sensitive to
location of the baseline. This is shown in Fig. 6, which gives M, and
Mn for two baseline locations. The location of the baseline is really
somewhat subjective, particularly in the low molecular weight region
because of the solvent impurities and because there is probably some
adsorption of the polymer on the column packing. The larger standard

deviation found for "n than Mw in table I for film base reflects this situation.
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In calculating scissions, Mn is the quantity of interest because Y,
represents mol polymer per gram. Therefore A(Mn-1) is the increase ir |
mol polymer per gram. This is equal to the mol of scissions per gr2-.

since each scission adds one to the number of polymer molecules. Proxsoly

A(Mn-1) is uncertair by about 2 x 10'5 mol scission per gram. i
Figures 7 and 8 are plots of A(Mn-1) versus time at 85 °C. At ‘X% ‘
RH a linear extrapolation of A(Mn-1) at longer times to zero time fai’s below
the origin, suggesting that the scission rates increase with time; t~e¢ {
line 1s drawn so as to emphasize this trend. The scatter is great an: |
it is thought there are no significant differences in scission rates
between samples. This 1s true even of coated and uncoated electrograsnic
films C despite their early mechanical failures, compared with *hose :f
the other samples. At 100 days there is about 6 x 1075 mol scission. 3s
indicating that values of Mn have been reduced from about 17000 to &J0.
Thus, there has been about one scission per original molecule at faildre,
in agreement with the work of McMahon et al. [5]. Degradation is much
less at 50, 25, and 0% RH.
Figure 9 shows scissions formed in the glassy polymer at 100% RH at
85 °C and also at 55 °C. At 85 °C the scission rate is about four times as
large as with the other samples. At 55 °C the number of scissions i3
negligible.

Table III shows results from a variety of samples aged at 55 °C.

100% RH for 163 days. No property decreases very much and some incredse

slightly. Consequently, we have as yet no evidence of degradaticn at 55 °C.
Single aging experiments were done in sealed tubes at higher temperatures

than 85 °C. At 115 °C there were 26 x 107> mol scissions/g in 13 days and

at 100 °C there were 22 x 1072 mol scissions/g in 39 days. At 85 °C at 100% RH
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there were 11 x 10'5 mol scission/g in 123 days. Overall rates are plotted
in Fig. 10. The activation energy is about 113 k J/mol or 27 kcal/mol 1in
reasonable agreement with 29 kcal/mol found by McMahon et al. [5]. Their
rates at 85 °C, 100% RH are about 2 x 10'6 and 10'6 mol scissions/g, day

for 0.5 mil and 10 mi1 film, respectively. Our value for the same conditions

6

is 0.9 x 107° mol scissions/g. day.

4.1.3 Calorimetry with PET. Some scans between 45 and 180 °C from the

differential scanning calorimeter are in fig. 11. For each curve the starting
ordinate value is arbitrary and t . slope is made approximately zero. The
curves for the unaged commercial samples show deflections at about 75 °C that
are irdicative of g.ass temperatures, although they are very weak. That for
unaged fiim base is typical of most of our materials. The deflection for the
uncoated electrographic film C is the largest for any of the commarcial
sampies. Aged samples do not show a normal Tg but their curves appear to
have weak melting peaks about 30-45 degrees above the aging temperature.
Interpretation will not be attempted now because the effects of time, humidity,
and extent of degradation are unknown.
Curves. for the same polymer and also for some aged NBS 1470 between

180 ana 280 °C are in Fig .12, the ordinate sensitivity is one tenth that

in Fig. 1. Curves 1 and 2 cover the range found for unaged polymers

except for the glassy onme. The temperatures at the peak maxima, T max,

and the heats of fusion are listed in' Table IV. Long heating does not affect
these quantities much at 55 °C and 85 °C. The changes with samples

aged at 100 °C and 115 °C probably are significant.

Fig. 13 and 14 show calorimeter scans for the glassy material. The
ordinate scales are both made the same as in Fig. 12 in order to keep
tne crystallization peaks on scale. The transition at Tg for unaged glassy

material is much stronger than for the other unaged materials. Aging at

21
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85 °C permits crystallfzation, which greatiy reduces the size of the
glass transition and eliminates crystallization during the scan. Aging
at 55 °C did not cause crysiallization hut it did shift the glass trans-
ition temperature. It is encouraging that crystallization did not occcur
since this process might destroy the orientation of commercial films.

4.2 Polyester Polyurethanes. Cuddihy's work suggests that hydrolysis of

polyestar polyurethane tape binder may be equilibrium limited at low

relative humidity [13]. Binder insolubility and the presence’of iron oxide
prevent reliable kinetic analysis so we made a nreliminary study of equilibrium
using soluble polyester polyurethane and polyester diols. In this study
hydrolysis was followed by measuring the acid content as a function of time.

A thermoplastic polycaprolactone polyurethane elastomer with an initial
acld content of 107> eq/g s aged at 85 °C, 100% RH until the acid content
was 25.5 x 10'5 eq/g. Portions of thi., material were then re-aged at 85.fc
at relative humidites of 27, 12, and 0%. The variation in acid content during.
the re-aging experiments is shown in Fig. 15. At 27 and 12% RH the equil-
ibrium acid contents are 60 and 35 x 107 eq/g, respectively. Samples
were also aged at 8% RH at 55 °C and at 11% RH at 35 °C. Equilibrium acid
contents were 33 and 28 x10™° eq/g respectively. Thus equilibrium acid
contents change ‘ittle with temperature at the same relative humidity.

Polyester diols were also equilibrated dt 85 °C and nominal relative
humidities of 95, 50, and 25%. At 85 °C these materials are liquids with
viscosities of about 30 Pa.s (300 cp). [A] in eq/g of poly(butylene
adipate) and poly(caprolactone) diols at equilibrium were 3.9 x 1073
and 3.2 x 10°3 at 95% RH, 1.4 x 1073 and 1.2 x 1073 at 50 % RY, and 0.6 x 103
(poly(butyleneadipate)] at 25% RH. The equilibration is now being studied
at 55 °C and it appears that the equilibria [A] are not ruch different

from those at 85 °C at the same relative humidity.
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Rate constants for the hydrolysis are known from previous work [10].
Therefore, rate constants for the back reaction can be calculated, by
equation 5 for the polyurethane and Dy {ts modification for the polyester
diols. Modification is required because the polyester diols initially contain
about 10'3 eq/g of -OH greups; consequertly [A] and [-OH] are not equal.
Secondly, at high relative humidity the ester concentration is changed by

hydrolysis. The equation is:
k[E

£y X TAT ([-0H ] + [A]) ' (6)

Here [Eol and [-0H°] are initial concentrations of ester and -OH groups

and £ is the equilibrium concentration of ester. At equilibrium, [A] >>[A°],
so that the [-0H] is nearly equal to ([-OHO] + [A]). [EO] and [-0H°] are
known characteristics, being 1072 and 2.1 x 1073 eq/g, respectively, for
poly(butyleneadipate) diol and 8.77 x 1073 and 1073 eq/y, respectively, for
the poly(caprolactone) diol.

! for the polyurethane was calculated

At 0% RH there is no hydrolysis so k

from the kinetic data for this condition in Fig. 15. If third order kinetics

1

are assumed then k is half the slope of [A]'2 versus time. The three points

fit third order kinetics rather well (Fig. 15, x's and dashed line).

! are listed in Table V. As humidity increases k1

The values of k
decreases for all three materials. The polyester diols have smaller k1
values than the polyester polyurethane.

The k1

at about 10% RH for the poiyurethane were extrapolated to 20 °C
by the Arrhenius relation to obtain 1.2 x 103 gz/eq2 x day. The
corresponding value of k, obtained by extrapolating data in reference [10],
is 1.2 x 107 day". If these rate constants are substituted in eq. (5)
the equilibrium acid content is calculated to be 32 x 10'5 eq/g, about as
observed at 85 - 35 °C at this humidity. If one neglects any change in k1

with relative humidity and takes k as being proportional to relative

humidity then the equilibrium acid content will vary as the square root
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=5 and 70 x 10°° eq/g at

of the relative humidity ratios, giving 50 x 10

25 and 50% RH at 20 °C. The reticulated foams studied earlier had lost

substantially all their tensile strength at acid contents of 22 x 10'5 and

36 x 10'5 eq/g. About 65% of the strength was retained at 9 x 10'5 eq acid/g.
Alternatively, one can neglect equilibrium and use k to calculate

the time to reach some limfting acid content from the initial acid content,

4

which is probably about 10°° eq/g. Values of k are 3 x 10 1

and 6 x 1074 day”
at 25 and 50% RH at 20 °C. If the limiting acid content is 15'«x 107 eq/g
then, by solving eq. (3) for t, one obtains times equal to about 25 and 12
years respectively for the above conditions.

These calculations were al! based on data from a thermoplastic
polyester polyurethane and it 15 not known how closely they will apply
to tape binders. The ideas should be valid for any aliphatic polyester
polyurethane and modifications exist if stabilizers are present [11].
5.0 Ciscussion
5.1 PET. The degradation observed is consistent with previous work and sup-
ports the idea that the most likely cause of degradation under ordinary
conditions will be hydro1ysis: [t is somewhat surprising that serious
joss in physical properties occurs with only one scission per molecule.
However the molecular weight of the polymer is quite low so one scission
per molecule may bring Mn below a critical value. In addition, the
highly oriented nature of the material may furnish an explanation. One
picture of a strained semicrystalline polymer is that much of the stress
is carried by strained amorphous portions of chains that tie crystalline
regions together [17]. Another concept is that mechanically strained
bonds are sensitive to chemical attack [18]. If one combines these
ideas then the attack would tend to be localized at bonds that are

critical for mechanical strength.
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The results with the glassy material appear somewhat in conflict
with these ideas, since nominally unoriented, giassy polymer degraded
faster than the oriented PET. However, the DSC results indicate that
the sample crystallized during aging. This might have had some effect
because the degradation that occurred during heating prior to forming
the glass probably introduced acid groups, which would be expected to
have a catalytic effect on hydrolysis. Being on chain ends, they would
probably be located preferentially in non-crystalline regions.’

In the coming year the agings at 55 °C and 35 °C will be continued
and others will be started at 70 °C. Acid contents will be measured by
use of a potentiometric titrator,.which was delivered recently.

Some agings will be also be started in the presence of small concentrations
of sulfur dioxide and nitrogen oxides. These may be environmentally
significant for the degradation since the concentration of acid pollutants
is 1ikely to increase as lower grade fuels become more common.

Finding that severe mechanical degradation requires very little
chemical degradation has made us rather skeptical of the value of gel
chromatography as a method of monitoring samples, unless the precision
of the measurements can be improved by a factor of ten or more. Infrared
methods will be investigated more theroughly in an effort to find a
sensitive means for detecting degradation. Other methods to be considered
are transmission of sound and light [19].

5.2 Magnetic Tape. Two problems involved in studying degradation of tape

binder are the presence of crosslinks and ir- . oxide. The latter may

represent 80% of the coating. Methods employed will be 1ike those used

to study crosslinked foams--pre-aging to render the binder soluble, additional
aging, and then determination of the acid contents. Filtration or centrifugation
will be used to remove the iron oxide particles. Infrared spectroscopy will

also be used to get evidence for reaction between binder and iron oxide.
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Experiments will be carried out at several temperatures and humidities. The

hydrolysis of tape binder 1s expected to be much more rapid than that of PET.
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Table I. Properties cf Unaged PET’

107,

g/mol
Uncoated Film Base 4.90 +0.11
Microtilm A 5.04
Microfiim B 4.80
Encapsulating Film 4.18

Uncoated Electrographic FilmC 4.20
Coated Electrographic Film C 4.07
Coated Electrographic Filr 03 4.60
PET Film NBS 1470% 4.50
PET, NBS 1470 Glassy Poiymer®  2.60

10t s,

g/mol M Pa
1.77 £0.38 204 35°

2.15 200 +14
1.69 193 +11
1.5 177 =22
1.46. 116 7
1.5 167 =5
1.68 201 +10
1.45 150 «11
0.88 -

Js¢ m

144 +8

126
122

80
185
105

+13
+11
+15
+22
+7

+16
+29

1Sammes 0.91 cm (4 mi1) thick except as indicated. Uncertainties are
standard deviations of three ar more measurements.

21 M PA = 145 psi

3.8 mi1
4

5

1 mil

Made by heating and quenching N8S 1470. About 10 mil thick.

oH
99
| 47 £3

f’

42
56
59
55
47
54

-32




Table I{. Days Aging of PET at 85 °C to Induce Finger Brittleness

Material 100% RH 50% PH
Film Base 105 »146
Microfilm A 97 >146
Microfiim B 97 >146
Encapsulating Film .05 >146
Uncoated Electrographic Fiim C 61 81
Coated Electrographic Film C 81 146
Coated Electrographic Fiim O >81 >84
PET Film MBS 1470 90 --

Table III. Percent&ge Change in Properties of PET Aged at 55 °C,
100% RH, for 163 days

Material & % Is E
Film Base 0 100 -8 -8
Microfilm A -8 -2 -3 +10
Microfiim 8 -2 28 6 6
Uncoated Electrographic Film C -7 15 -9 12
Coated Electrographic Film C 3 200 -9 -2
Encapsulating Film -1 28 6 6
Arithmetic Mean -2.5 18 5.3 9

28




Table IV. Effect of Aging on TMax and aH

f
Material Aging Conditions
¢ days

Film Base Unaged

Film Base 55 163 100
Film Base 85 154 25
Film Base 85 105 100
Uncoated Electrographic

Film C Unaged
Uncoated Eiectrographic

Film C 55 163 100
Uncoated Electrographic

Film C : 85 154 25
NBS 1470 Unaged
NBS 1470 55 90 1C0
NBS 1470 85 39 100
NBS 1470 85 60 100
NBS 1470 85 90 100
NBS 1470 100 39 100
N8S 1470 115 13 100

TMax ?

251 =0

252
252
253

260
257

257
255
254
255
253
255
249
243

°C

1

]Uncertainties are standard deviations of three measurements.

Table V. Rate Zonstants for Esterfication

Poly{caprol .one) polyurethane
Poly(caprolactone} polyurethane
Poly(carrolactone) polyurethane
%01y(caprolactone) polyurethane
Poly(caprolactone) polyurethane
Poly(caprolactone) aiol
Poly.caprolactone; diol
Poly(butyleneadipate) diol
Poly(butyleneadipate) diol
Poly(butyieneadipate) diol

Material Temp./°C

85

RH/%

d
12
27

8
11
50
95
25

50
95

10'5k]/gz/eq2‘day
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Fiq. 1. Frlongation at break versus aging time at 85 °C. 0, 0, @, ® film base; (3,8,

30

3 microtilm A; A, A, & wicrofilm B8; §. coated electrographic film D. Shadinygs indicate

relative humidity: Unshaded, 0%, quarter shaded, 251; half shaded 50%; fully shaded,
1002; flays indicate special exposure condition: horizontal, gelatin-layer removed; 31

vertical, under N2.
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Fiq.3. Tensile strength versus aging time at 85 “C. 0. 0, @, ® Film base; (3,00, Bmicrofilm A; 5
:}A A A wmicrofilm B; 0. 0coated electrographic filw p. Shadings and flags as in Figure 1. 30
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RETENTION VOLUME, cm?

Fiq. 5. Ggl permeation chromatograms of NBS 1470 unaged and aged at 1004 RH. Curve; 1, unaged;
o 2, 45", 39 days; 3, 85°, 60 days? 4,85%, 90 days; 5, 100°, 39 days; 6, 115%, 13 days.
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f’jﬁ. 11, Differential scanning calorimeter curves. 1, unaged film base; 2, unaged uncoated
' electroyraphic film C; 3, tilm base aged 85 °C, 100% R, 105 days, 4, film base aged
85 “C, 251 RH, 154 days; 5 , film base aged 55 °C, 1002 RH, 163 days.
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1), unayed film base; 2, unaged clear

12.
electrographic tilm C; 3, tilm base aged 85 °C, 100Z Ril, 105 days; 5, film base aged
55 °C, 1004 R, 163 days; 6, NBS 1470 film, ayed 100 °C, 100Z RH, 39 days; 7, NBS 1470

Ditferenwtiol scanning calorimeter curves.

film, aged 115 “C, 1002 RH, 13 days.
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Fiﬁ. 13. Differential scanning calorimeter curves for glassy polymer. 1) ‘Unaged; 2) Aged 85 °C,
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Polyurethane imply that there may be an equilibrium extent of degradation for any stora
condition. It is anticipated that the study will go on for four more years.

12. KEY WORDS (Six to tweive entries; alphabeticai order; capitaiize only proper nomes; and separate key words by semicolens)

I degradation; film base; hydrolysis; photographic film; polyester; poly(ethylene tere-
Phthalate); recording media; stability
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PREDICTION OF THE LONG TERM STABILITY OF POLYESTER-BASED RECORDING MEDIA
2y

Deniel W. Brown, Robert E. Lowry and Leslis E. Smi*h
Netionsl Bureau of Standarus
Weshington, D.C. 20234

Absirc s

The stability of poly(ethylene terephthalate) is being studied in
order to predict ite long t:ro beshavior sa the bass for film and magnetic
tape. Thie repart containe resulta of the secciid year'a work. Film baso,
photaogrephic fil., and electrographic film are being aged at sevaral

temperaturea and relstive humidities, RH. Acid contenta, mechanicsl prop-
erties, and golecular weight have heen mecasured at intervala. Tha rate of

ir3resns in ecid conte *, k, provides a ussful measurs of the degradation
rate. Oata for filma aged between 115 and 55 C at 100 % RH obey the
eguation Ln k = 39.3 - (14000/T), where k i8 in %/day and T i8 “he abso-
lute tempersture. The water content is included in k, which is approxia-
ately proportional to RH. Lifetimes of the vilma appear to be equal to
69.3/k days. Extrapclation to 25 and 20 C givee 400 and 900 yesrs for the
lifetime at 100 %X RH. A more asnsitive analyticsl method than now used
will be required io make ussful measurements of acid content at 35 C, aven
after samples have been aged for five yssrs. Two filmas have always failed
befcre the othere. The short-Lived filme might well be stored with others,
since failure of the former would warn af the approeching failure of the
latter.

Magnetic tapea are also being aged, primerily to study the bii.de:
that holds the msgnetic cxide to the subatrate. Binger on five braids of
taps that were aged at 60 C becamn croaslinked at FH of zero and i1 %,
changed Liitle 2t 30 % RH, but degradad at 100 X RH. The binder on tapes
aged at 85 C and 100 % RH fi~-t degreded severely .nd then eppeared to
crosalink siightly. Badly degraded binder was not gummy but was esasily
Cetached from the substrete. Model binder aged at 85 C anc¢ 100 % RH

eventually became brittle.




Key words: degreda.ion; hydrolysie; Lifetime; magnetic tepe; photogrephic
film; polylethylens tersphthslets); stsbility

1.0 lntroductian
Oste of many kinde ere recorded and stored on phaotographic film end

magnetic tape. Both media contain en sctive slement in e dispersing mediua
uonded to e substrete consisting of poly(sthylene terephthalete), PET. A
PET-based electrogrephic film is now evailebls which can ba revised. The
Lifstime of tha PET under common storege conditions is very long but not
known, The Lifetime of the dispereing medium for the ircn oxide particles
of magnetic tapes is elso uncertein but is expected to be Lese than thet
of PET because the medium iy besad on polyester polyurethena, which is
knaw to be hydrolyticelly unsteble. For these reasons, %he National
Archives is spansoring en environmsntal eging study of PET end megnetic
tepes st the Netional Buresu of Stendards. This is the second snnuel
report in what is expected to be a study lesting five years.

The results with PET in the first yeesr were consistent aith the
literature. Hydrolytic degredetion was the most important process. About
100 dayes eging et 85 C snd 100 % relative humidity, RH, made PET week end
brittle end reducsd its moleculsr weight from about 24000 to 12000. Aging
for up to about 150 deys at 0, 25, snd 50 % RH at 86 C end et 100 % RH et
55 and 35 C caused slmost negligible chengee in tensile strength, elonge-
tion. and molecular weight. About one chein sciseion pcor molecuis or 5 X
105 mol scissions per grem brc&ght gbout embrittlement, but the imprecis-
ion in these quantitiee wes sbout 50 %. Thus, slthough PET appesered ex-
tremely sensitive to chenges in molecular weight, such messurements were
not » practicel wey of lolluring'tho very saell amounts of degredetion
recessary to assees chenges et 55 end 35 C or those urder embient conti-
tiona,

Acid content is snother nossibla mcasure of degredstion, sincs each
hydrolysis resction generetes &n ecid group when it breaks the polymer
chain., We hau procured e potantiometric titrstor,in orcer to messure acid
content, but had not had en opportunity to use it before the first report.

Polyestei polyursthenes were known to be susceptible to hydrolysis,
80 this wes expectsd to be the resction that determined tepe Lifetime. Our
own studies with magnetic tape hed not been startad st the time of writing
the first report. It hed been reported thet the ¢ Sredetion of the potLy-
ester polyurethens binder, which holds the megnetic %srticles, was lLimited
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by the equilibrium between hydrolysis snd esterificetion and it wes con—
cluded that tarss stored st 18 C snd 40 % RH should retsin accepteble
propertiss indefinitely becauss of this [1]. We squilibrated polyesters
snd two polyester polyurethenes at various RH snd concluded thst hydroly-
tic equilibrium did not prevent serious Loss of properties [2]. However,
tape vinder differs from the polymers thst we studied in that it is highly
crosalinked snd 8o may bshave differently.

In the second year of work egings heve been continued snd additionsl
deta of the same kind obteined. Acid content was evelusted as a means of
measuring degredation of PET. Commercial magneiic tspes wers aged and are
being eveluated ea in reference [1].

20 Exparimental

PET samples included ccatsd and uncoated slectrogrsphic film, expossd

and developed photographic film, snd uncoated film base, ell commercislly
available. Most of thess meterials were provided by the Nstiomnsl Archives

but we purchssed tha film base. We were slso given swmorphous PET. Some Of
this wes crystallized snd some wss stretched unisxislly without crystall-
1zing it. Experiments with the letter two samples ghould give us some
knowledge of the effact of crystallinity and orientatio: on hydrolysis,

Sumples of PET ware aged in closed containers sbove water or solu-
tions oy LiCL at tsmperatures of 85, 70, 55, and 35 C and RH of 100, 50,
and 25 %. At intervals %“ensile strength and elongation were messured on a
tensile testing mechine and molecular weight wss measured by gel permes-
tion chromatogrephy; as described in the previous report. Other agings
were done in boiling weter,

Acid content wes measured by potsntiometric titrstion with tetrabutyl
ammonium hydroxide in ethanol es bsse. The polymer was dissolved in a aix~-
ture of o—cresol end chloroform. The titrator adds increments of basa when
the rats of chsnge in the voltage hss decrsased to =c=e presst value. The
end point 18 resched when the diffsrence between the voltagss at succss-
sive increments first exceeds and then drops below some presev valus. The
measuremsnt is precise to abous 2 X 105 mol acid. This method was usad
because it is being considered ss s standard for the PET bese of photogra-
phic film certified for achivsl uss. '

Ten rolls esch of six branas of magnstic taps were purchased. Rolls
contain 750 fest of tspe except for ons sst of 2000 foot rolls. ALL spes




ere 1/2 inch wide and ere certified for 6250 bpi. Tapee were the most
expsneive that the supplisre offered cxcept for the 2000 foot rolle, for
which ha more sxpensive and Less sxpensive gredes are both being tested.
The tapee sre being sged st temperetures of 86, 60, and 37 C and RH of O,
11, 30, end 100 X.

Model tape binder was mede in order to explore sffecte in the sbssnce
of the magnetic particles. A commercisl polyester polyursthens wes die~
solved in tetrehydraf:-ran, Enough tolusns diisocysnate wes edded to resct
with sech urethens group. The tetrehyaorofuren wes sveporsted end the
nixturs wes hested et 100 C for five daye. The resulting crosslinked film
was sxtracted with tetrehydrofuran. The sol content wes Less then 1 %.
Samples were aged at 100, 50, end 25 X RH at 85 C.

Magnetic iron oxide wes procurred end sdded to o tetrehydrofuran
solution of the same polysster polyursthene ee asbove. The tetrehydrufuren
wes veporized snd the ssmple wes sged st 100 X RH end 85 C tor 14 asys.
Diaethyl formemide wae added end the iron oxide wae removed by clnirifugl-
tion. The scid content was then detsrmined.

‘“he weaight frection of binder laysr on commercisl tapes- wes deter-
mined by immersing ebout 1.6 g of tepe in gecetons and then ecreping the
softensd binder and sesocieted oxide off the PET sutetrets. Then the
acetons wes esveporeted end the dried screpinge weighed. The orgenic compo-
nent was then burnad off end the residue wee weighed, giving the amount of
iron oxide. The orgenic contant of the binder Leysr wes taken as the
differsnce between theeuy weighte. Solubie portions of the taps wers
determined by uncoiling sbout 50 feet into a8 4 Liter beaker. This wes
extrected with two 750 cmd portions of tetrahydrufuren for a total time of
1 hour. The sol frection wes detsrmined by drying and weighing the tepe
and by sveporsting the filtersd solvent to dryness and weighing the resi-
dus. Final weighings were made after 60 hours of avacuation. The tapes ers
quite hygroscopic and weighings were mede in closed containers.

The sdhesion of the binder Leyer wee tested by epplying 3/6 .ach-wids
sticky taps to the binder isyer of unextrected taspe and pesling it off in

a testing machine. The force required went through an initisl meximum and
then decresssd and became approximetsly constent during most of the pesl.
The Lletter force was taken as the pssl strength. The noies Level during
the peel was about 1/4 to 1/2 as large as the valus taken, so the pssl
strength 18 not very preciesly known. Despite this i1t should be signifi-
cant because it veries widely batwesn brende of teps and even between
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rolls of ths ssms brsnd, in ths case of ons brand. Peal strangths on othsr
brands did not changs from roll tc rall.

Gansrally, five 50-foot Lsngths of s single tsps wars aged in a
closad jsr st ssch tsmpsraturs and humidity mentionsd abovc. Solutions
ssturstsd with LiCL und CaCly gave 11 and 30 % RH. Molscular Sisves wsrs
ussd to gst 0 X RH. Individusl Lengths of tsps wars rsmovsd at intsrvsls
snd ths sol contsnt and pssl strangth wars msssursd ss describsd sbovs.
Tansils strength and slongstion wsars slso msssursd.

3.0 Resuits
3.APET.

3.1.1 Praliminary Agid Measursmgntg, The Amsricen Nstionsl Standards In-

stituta Vesiculsr / Tonad Imsge Tssk Forcs ran 8 round robin using two

methods of nnaurind scid content in PET. %e participatsd in this in ordsr
to gsin sxpsrisncs with ths titrstar snd ths tschnique. Fivs semplss of

PET wers snalyzed in duplicats by ths two mathods. AlL laborstoriss pre-
farrsd ths method described in ths section sbovs. Ths rangs of acid con—
tsnts of ths ssmples wss 0.29 to 0.50 X —4 equiv./g and our veluss wars
within that rsngs. A sscond purpose of ths round robin was to maasure ths
effect of ths accelerated aging describsd in ANSI PH1.41-1981 on acid
contant. AlLL laborataries found no significant sffsct.

Our Llaboratory offsred to try to find condicions thet would offer a
mors msaningful sccslsratsd sging test. Samples of PET polymsrs were aged
in boiling water and portions wers rsmoved at intsrvals. Tensile strength,
TS, slongation, €, and acid contsnt, [A], wers messsured sftsr ths aging
was ended. Ths polymsrs ussd wars ths film base :hst we used previously
and ths samplss from ths round robin thrat had the aighsst and Lowest scid
contents, dssignatsd hers as € and F. Ths resu.ts obtainsd ars Listed in
Tebls 1. Valuss ars gsnerally means of two or mors dstsrminations.

Acid content incresses with sging tims. Aftsr 17 days ths differences
betwesn acid contsnts of ths thrss samplss had increassd by factors of
betwssn thres and four. Tensils strangth and slongation decrease with
c2ing. About ons third of ths film bsss removsd as ons pisce at 14 cays
broke when it wss cresssd. Ths rsmeindsr, also ons pisce, gid not break
when crsssed. Acid contsnt,tsnsils strangth, snd slongation all indicate
significent differsnces batwssn ths two portions. The resson for this
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bshavior 18 unknown.

Titrations srs bslisved rsproducibls to abcut 2 X 106 equiv. acic.
They wars done in duplicats sxcspt foi ssmpls E st 17 dsys. Ths avarags
diffsrsnce bstwssn duplicats dsterminetions waes 2.2 X 1078 equiv. (2.4 X
1076 squiv. std. dev.. Portions of polymer ussd usually contained about
10~4 squiv. of acid, 80 ths rsletivs imprecision is sbout two psrcsnt.

Hydrolysis of PET is catalyzsd by acid snd is sutocatalytic bscauss
of ths scid gensrstad [3]. The reaction is:

k

Ho0 + -(CgHaC0CoH0oC)- —+ —CgHalOoH + HOCoH40,C- (1)
A

Hers A reprsssnts sn scid group and k ths rsts constant. Ths watsr snd
ester contsnts changs Littls during the portion of reaction of intsrsst so
they can bs includsd in ths rsts constant. The diffsrsntisl squation
connacting [A] and tims, t, is (d[A)/dt) = k [A]l, whish intsgrstes ®O
""““/“oll';kt. whars the subscript indicetss ths initisl concentrs-
tion-. Fig1 iss plot of Ln([A]1/[Ag]) varsus tims. Ths slope is approxim-
ately ths sams for ths thres polymsrs, 8.0 % / dsy. This rsprsssnts the
rate of incresse in scid contsnt.

An initially grestsr acid content rssults in gresstsr incrsssss in
acid content during sging. Thus the tschniqus mskes diffsrencss bstwssn
polymsrs mors obvious. From thsss data it sppesars that polymsr F original-
ly had a highsr acid contsrt than E.

Elongation of film bsss chsngss very suddenly betwssn 10 and 14 days
aging. One might think of using a tan day aging period in boiling wetsr ss
an actelerstad test snd msking the critsrior of fsilurs bs thst ths scid
contsnt not sxces¢ 10™%squiv/g st ths snd of thst psriod.

342 PEI at 88 G Acid content, number avsrags molscular weight (M), ten-
sile strangth, snd slongation for ths unsgsd PET mstsrisls ars in Table
II. Ths initisl rengs of scid contsnt is 0.31 to 0.48 X 10™% equiv/g.

Aging st 85 Cat 100, 50, and 25 %X RH incresses scid content and reducss
tensils st.angth and slongation, sventuslly smbrittling ths mstsrial. Daetas
in Tebls 111 show thsse &ffscts for ths film bsss. Samples of agsd poly-
mers wers small and ths imprecision in [A] is sbout 10 %. "Y¥ or "N" in
the column hssded "Crsssa” indicatss wisthsr or not ths ssmplss could bs
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creased without bresking. Elongation sust be very Low for feilure to occur
since samples could be cresssd thet had es Little es § % elongation.

Microfilms Aend B, encegsuleting film, end costed slectrographic
film O beheved about the same es film base. Uncosted slextrogrephic film C
became brittle much earlier. It feiled the creese teet at 61 days et 100 %
RH, 81 days et S50 X RH, end 341 deys et 25 % RH. Costed electrogrephic
film C feiled at intermediete times: 81, 148,and 650 days at 100, 50, end
25 % RH, respectively. It is ‘unclrtlin whether the slightly higher initiel
acid conte’' ¢ of the C filme causad their esarly feilure, bscauss thers were
also initial differencee in slongetion and neat of fueion, commenied on in
the the first report. Presumably thess differences sre dus to varistions
in orientetion and crystellinity, which could effect the behavior in
hostile environments.

Changes in M, offer an elLternative to acid messuremants es ¢ meens of
calculating the rste constant, k. Each hydrolytic sciseion incressss the

number of ac\d groups end the number of polymer wmoleculee by one, es shown
in reaction 1. Thus the changs in the concentrstion of ecid grcupe, [A] -

{Agl, is the ssme ss thc chengs in the cuncentretion of poiymer motucules,
Mn,{‘l. so thet [A] = [A;] +A(u“"1.] end Ln (([A,] +A(H,,""ll/[A°ll = kt.
Valuss of k were calculeted from this expression end from Ln({Al/[A,] = k¢
by assuming a Linser veriation of the Logarithmic quantities with time and
using the method of Lesst squsres to calculets the slopss, designated Ky
and kp» respectively. They ere Listed in Table IV. The imprecision indi-
cated is the standard error; where none is given only two points were used
to calculate the slope. The sversges of tha veluee in gach column are
listed at the bottom of the table with their stendsrd devietions. Neither
k ssems to depend on the perticuler film used but vslues of kp are
somewhat larger then ky. Probebly this 18 due to some systemetic error in
the molecular weights, which were meesured by GPC. For practical purposes
ky and ky are °rested as tha same quantity, k.

31.3PET 2t 115, 20, 95, ard 35 C 2% 100 484 A ssmple Left from Last year
thet was agod for 13 days et 115 C and 100 X RH in a sesled glass tube has

an acid content of 7.35 X ~4 equiv/g. The velus of kp 18 22.6 %/qey.
Deta obtained with film base end microfilm B8 at 70 C are in Table V.
The acid contsnts of thess ssmples have not yet besn cetermined. Values uf
ky are 025 and 0.19 %/day for film bese and microfilm B, respactively.
Most of the samples aged et 55 C and 100 %RH have shown no signifi-
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cant changes in .sns81.0 strength, elongetion, or molecular weight in
almost two yeers. However, the elongation of the film base of uncoated C
wae only 83 %, down significantly from 180%. There hss also been a signif-
1eaa: .i.rnye in the acid nunber of the fila base. Duplicate determina~
tions on samples which sech hed about 0.8 X 1074 equiv. of acid gave ecid
contents of C.44 and 0.43 X 1074 equiv/g after being aged for 586 days.
The sversge velue of ky 18 0.037 X/ dey.

No detecteble chenge occurred in the PET in semples sgeu for two
yeers at 35 C end 100 XRH but the costings on theee filme-have deteri-
oreted even et 35 C end 25 X RH. The geletin Leyer of the microfilms hee
becoms sticky end even diseppesrec immedistely ebove the LiCi solution.
Elsctrographic filmas D and coated C have discolored. We have no ssmples of
these with images and so can not essass the effect on the Legibility.

31.4 Lifating of PET Fig 2 is an Arrheniue ploi of the rate constente at
100 X RH. The Leest squares Line ie shown. The slops of thie Line gives en
sctivetion energy of 117 kJ/mol or 28 kcel/mol. This velus sgrees well
with 27 kcel/mol thet we gsve Lasst yeer end elso with the value 28
kcal/mol found by McMshon et el. [4].

The glaes trensition tupnritun of PET is sbout 70 C, so finding
that the rate at 55 C fells on the same Arrheniue Line as retes sbove the
glass tempereture impliss thet it is velid to extrepolate to still lower
temparsturee, Thie wee done to give rates at 100 % RH st 35, 25, and 20 C.
The Lifetime, t;, cen be sstimeted from thees rates ae fol lows. Date in
Tables I snd 111 indicete thet the ecid content spproximately doubles
before the tansile strength snd elongation deteriorate seriously. Conse~
quently, the Lifetime wes teken es (Ln 2)/k, where k is tha fractional
rate of chsnge in the scid content. Valuese of ¥ at the three tempereturse
above ar¢ -~“out 80, 400, snd 900 years. Date in Table IV indicete thet
Lifetimes at 50 %X RH at the same tempsretures should be more than twice as
lung. The Lifetimes agree with those sstimeted by Adelstein and Mc Crea
(sl.

It is gretifying thet these setimated times are so Long but it should
be noted that the result ie greetly dependent on the value at 55 C. The
acid content et 55 C should double befare this study ends, which will
permit more sccurste measurement of k. It is desirsble to get a messure-
ment at 35 C to reduce the sxtrepolstion renge.The chenge in acid content
at 35 C should be about 2 % efter five years, which will be barely signi-
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ficant with the current methods.

3.1.5 Euture plans with PET The agings will be continued and ths acid
content at 56 C will be determined with bestter precision. It is desirable

to measure the acid content with about 10 fold greater precision than now
being done, in order to messure k at 35 C. Increasing the ssmple sizs

would help to some extent, but it is alrsedy targe and using much more
would exhaust evan our largest ssmples feirly quickly. An infrarsd method
has besn described [5] that involves expoeing PET to sulfur tstrafluoride.
This converts acid g}ohpa to acid flouride groups. These sbsorb far enough
from the ester carbonyl sbsorption to sppear as a sspsrate psak. We intend
to test this method using aged samplas with known amounts of acid.
Oriented amorphous PET is being eged at 70 C and 100 X RH. Unfortun-
ately, aging it at 85 C causes crystallization, which we wish to avoid.
Crystalline PET is also being aged. Results from both samples should be

asvailable in about one year. They should give informstion about the rela-
tive importsncs of amorphous and crystalline regions in the degrsdation

process.




32 Magnetic Iapas

32.1 OGackoround Msgnetic tapee consist of Feg03 particles dispersed in a
polyester polyurethens~besed binder thet is bonded to a PET substrete.
Conversations with manufecturers who supply products to taps producers
indicate that magnetic tapse ere made in the following mennar. The oxide
1e costed with 8 wetting egent, which mey be butoxy ethyl steerste or
ethyl stsarets. A commaroiel polyester polyurethsne ie dissolved in tetre=
hydrofuren. To this ere edded the oxide and ¢ multivunctionsl polymeric
isocyanate The suspeneion is epplied to ths subetrets end the combinetion
is then heeted to remove solvent and bring ebout reaction between the
urethans and isocysnate groups to form ellophsnate Llinkages:

1
-NCD + ~NHODg- —— ~NHCONCOo- (2)

Catalysts sre used to spsed up the reaction end e coupling compo: “1 may be
used to make the bindar edhere to the substrete. The binder is highly
crosslinked because of the ellophanete resction.

There are about 10 eliphatic ester Linkages between urethens Links in
the original polyester polyurethans. Tiess are more subject to hydrolysis
then the aromstic ester Linksges of PET end most polyestsr polyursthsnes
degreds to soft non 'rubbery msteriele in 20-15 days et 85 C and 100 % RH.
The hydrolysis obeys the same kinstic oquniiona e8 the PET hydrolysis [7].
Lifetimes under ambient conditions ere much longer, but in warm moist
environments polyester polyurethanes .a@ve been known to fail in three
years.

Magnetic tapes usually Llest Llonger than this, perhaps because their
environaent is not very humid, but enother factor seems to be inrvolved.
Cuddihy [8] showed that the ecstons-sxtrectable fraction of taps binder on
tapes agid for up to 85 deys et 36-75 C increased at 100 end 30 % RH but
decreasad at 11 end 0 % RH. He ettributed the decrease to esterification,
the reverse of reection (1), and predicted thet tapes could be stable
indefinitely becauss of the iqvilibriul between esterification and hydrol-
ysis. Decreasing the temperature at constant RH increased the esterifica-
tion tendency, leeding Bertrem end Cuddihy to recommend 18 C and 40 % RH
8s {deal storege conditions [1]. They founa thet tspee -ould bs used
without problems if the content of extrecteble was Less :hen twice the
initial velus. Working with soluble polyeeters end polyaster polyure~
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thanes, ws tound that scid contsnt at 35 C and 25 %RH changed in 300 days
from 35 to 3.8 X 1074 equiv/g, implying that squilibrium was nesr or thst
ths tims to resch squilibrium was vary long [2]). Ths moleculasr wsight
should equsl [A)J1 g/moL s 1t could bs as Low ss 2700. Speculstions wsre
sads that ths hibh cross link dsn~ity of tape bindsr encouragsd estarifi-
catiun or causad ths bindsr to rsmain as gel deapits having many chain
ends [2].

Cuddihy worked with only sbout 1.5 g of taps in his ssmplses and ths
waight frsction of scstons sxtrsctabls matsrisl rsnged from 10 to 80 mg.
His dets ars for ons unidsntifisd brend of taps slthough hs notss that
othsr tapss bshavad similarly. The uss of acstons as an sxtractant reised
ths possibility that molscular waeight Limitsd the weight of sxtractablss,
bacause acetons doss not complstsi, dissolvs ths poiysstsr polyurethans
used to msks tape bindsr. Our msssursmsnts with this polysstar polyure-
thane gavs 7000 and 2800GC for ths molsculsr wsights of the acstons-solubls

portion snd ths whols polymsr, rsspsctively. For thsse reasons it was
decided to repsst the Cuddihy procedurss using tetrshydrofuran to extract

10-15 g samplss of ssvaral brands of taps.

322 Initial Tage Charactaristicg Teble VI Lists the wsight psrcantagss

of ths binder laysr (oxide plus sssoctiatsd bindsr and other organic com-
ponents) and the sol contsnt of sach unagsd brand .f tape. The psel
strength 18 also given. The last two columne give the weight percentage of
organic material in ths bindsr Layer and ths portion of this organic
material that ie sxtractable. These two quantities are dspsndent on the
weight of iron oxidss and may bs inaccurats if ths oxid"s changed when the
organic componsnt was burnad of f. Tape 1 has 8 back coat that containg
carbon. Soluble componsntes of this are included as "Sol" and it was as~
sumsd that the coating was 50 % carbon in calculating the value in the
last column, Taps 3 contained sn acetoni=scluble white crystallins mater-
ial that appesrsd as a rassidus surrounding the fragments of binder layer
when the acatone had sveporatsd. This was not observed with the other
tapes. The Sol was dsterminad from the weight Loss of the taps excapt with
tape 4. Ths binder Layer fall off this taps as soon as it was immersed in
tetrahydrofuran so ths sol content was detsrained by filtering the mixture

and svaporating ths solvent.
Doubls Listings undsr Sol givs rasults of duplicate determinaticns
and give soms fesling for ths imprscision of the msasursments. These
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duplicatse wars sversgsd in cslculsting ths sol ss s psrcantage of ths
orgsnic componant of ths bindar Laysr. Ths smounts of sol snd ths peel
strangths vary widsly from teps to taps. A grsstsr thsn sign mssns that
ths binder lsysr did not pssl off. Pssl atrangth of tspe S variad from
rasl to rssl, sccounting for ths wids Limite Listsd. Portions taksn st 400
foot intsrvale on one rsel sech of strongly sdharing snd wsekly adhsring
binder rsvesslad no samplse from which binder wse stripped from ths forasr
rssl snd no stripping forcs gresstsr than 40 N/a from tha lattsr rssl.
Msessursmsnts hsve not yat besn parformsd on teps 8, which is the mors
sxpensivs of ths two grsdes of tape purchsssd {rom one eupplisr. Teps § is
the Lsse sxpsneivs of thses two gradse. Ths supplisr of tepss S snd 6 is
not 8 manufscturar, but hss tspes made to his spscificstions snd salls
thsm undsr his own lsbel. The othsr tspss bessr msnufactursr's lebels and
wers purchaesd from suthorized rstailsre.

323 Iapas 2t 85 G and 100 % B4 Teblis VII gives rssulte obtsined by sging
four brands of taps st 86 C end 100 % RH. Tsnsils strangth and slongation
wars seriously sffsctsd lftll'"46 deys. Tepse 1 and S5 broks during
handling. Acid contante of thess tapes will bs determined. The sol contsnt
goes through a msximum. Ths pesl strengths wers Low but wers not messursd

because ths tapes wsrs rsthar brittls. Nons of ths bindars became soft or
guamy during aging. Instssd thsy tsnded to flake off, and it wss Nscessary
%0 determins sol frsctions by sveporating the tstrahydrofuran, Ordinary
polyester polyursthsnss would bs vary soft after 46 days undar these
conditions.

3.2.4 Tapes a8t 60 C Table VIII shows ths sffact of aging the tapes for 85
days st 60 C st O, 11, 30, snd 100 X RH. Values for tha unaged tapss are
included. Ths sol contsnts show the same trsnd as Cuddihy's dsta: de-
creased sol at 0 and 11 %RH and increassd sol at 100 % RH. Aging at 30 %
RH caused Little chan'g'o in the sol contsnt, Pssl strength decreassd to
sbout 2/3 of its original valus in taps 1 snd to 1/10 of its original
value in ths other tapss st 100 X RH, Aging at Lower RH caussd smaller
changss in pesl stresngth. Significant Loss of pesl strength occurs at 30 %
RH, which might Limit taps Lifstime. Nons of ths binders appssrs to have
softenad during aging.

Pesl strangthe hsve bssn msesursd at othar times durirq thess agings.
Most of ths Lose of strength occurs in ths first 40 days.

65

12




Tensils strength and slongation have not yet changed significantly in
any samples at 60 C.

325 Madel Studies The modsl tape bindsr did not soften whan aged for two
months at 85 C at sny RH. Instaad samples became stiffer and that aged at
100 X RH 18 actually brittls. Thass results appear consistent with the
obssrvation that bindsr Laysr on magnstic tapes agsd at 60 and 85 C did
not softsn. It may bs that thsrs ars ressctions in addition to hydrolysis
and asterification and that soms currently unknown rsaction brings about
crosslinking.

The sampls of ths polyestar polyurethans that was mixed with magnetic
iron oxide and aged at 85 C and 100 X RH formed acid faster than polysstsr
polyursthanae without tha iron oxids. Thus it eppears that taps binder
ought to bs des.abilized by ths heavy Losding of iron oxide.

325 Euture plans with magnetic tapas The agings will bs continusd. Rs-
sults froa the agings at 37 C will bs obtained wit~*n 8 few months. It is

planned to put data on tapss from sach supplisr and store them at 50 and
100 X RH at 20~25 C. These will bs read at intsrve:. ). More experiments are
planned with model bindsr polymers.

4.0 Discyssion _
The findings «ith PET indicate that the metsrial should bs quits

stable at ambient conditions provided that ths process by which PET is
made and the rathsr gpecific combination of orientation and crystallinity
now given ths polymsr are not chenged. If changes were to bs mads, some
knowledge of theii effsct on stability would bs usaful.

One could make use of the fact thst coated and uncoated films C lose
tensile strength and elongstion fastsr than ths othsr matsrials. Samples
of film C could bs storsd under the sams conditions as films used to stors
archival information. Our results indicats thet uncoated C wou'd fail
first, followsd by costed C. Thars would bs ample time befors the failure
of ths films containing archival information for it to be copied on fresh
material.

Ths changes in ths coatings under ralatively mild conditions are
somewhat disturding. Ths films are sxposed to laboratory Llight for about
1/3 of the time. Dstsrioration of ths coatings is usually worst immediste—
ly above the Liquid intsrfacs. Photographic gelatin has been used for 8
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very long tims snd it was our impresstion that it would bs stable at 35 C
at Low RH.

The studiss with tapss ars not far enough along for us to havs come
to any firm conclusions. Howsvser, ws suspsct that othar reactions than
hydrolysis and sstsrification play s significant part in ths procass.

5.0 Suamary
PET hsa baen agad for sbout two Years. Semplss agsd at 100 ¥ RH at 85

and 70 C detsrioretsc relstivaly rapidily. One particulsrly labils ssapls
shows Loss of tansils strangth and elongation sfter aging at 55 C and 100%
AH. Lowsr RH rssults in much slowsr degrsdetion but sllL PET samplss st 25
% RH and 85 C Lost most of their tasnsils strangth and slongation within
two ysars. Tensils strsngth and slongation dscrssssd as scid contant
incressed. An increass in scid contsnt of sbout 0.4 X 10~% equiv/g frow sn
initisl valus of sbout 0.3 X 10™4 can bs tolsrstsd. PET bacsme quits
brittls when the acid contsnt sxcasded 10™% squiv/g. The rslation bstwesn
acid content and tims 18 [A] = [Ap] up'kt. The primsry difficulty with
using acid contsnt to monitor PET degradation is that ths required sampls
size 18 inconvenisntly largs. An effort is bsing wmesds to address this
problem.

Various magnetic tapes ars being aged at differsnt temperaturss snd
humidities. Tha tapss ars rather cifferent initially, in so far as extrac—
tablss and pesl strangth ars concarnsd. Sol contents ncresse at 100 X RH
tut decrssas at Low AH. The bindsr laysr behaves differently from the
polyester polyursthens from which it is derived sinca the former does not
seem to soften during aging. Ths rsasons for the difference ars unknown.
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TABLE 1
Acid Conten*, Tensile Strength, and Elongation at Break of PET Aged in Boiling Water

.
cp &=

Time 4 1 TS -
Days 10 * equiv/g MPa 4
Film Base (4 mil thick)
0 0.36 215 142
3 0.45 192 130
5.9 0.55 179 135
9.7 0.73 150 103
14.0 1.05 116 40
14.0 1.15 71 2
17.0 1.41 Weak Brittle
E (7 mil thick)
0 0.29 162 90
3 0.36 173 . 113
5.9 0.45 7 97
17 1.13 95 4
F (4 mi1 thick)
0 0050 indd -
17 1.84 weak brittle

Y upa = 145 PsI.

Le
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Table II

Proparties of Unaged PET]

104 1]
equiv /g
Film Base 0.35
Microfiim A 0.31
Microfiim B 0.32
Encapsulating Film 0.37
Uncoated Electrographis. Film C 0.4}
Coated Electrographic Film C 0.48
Coated Electrographic Film D 0.34

14 mi1 films except D which is 4.8 mil.
2\ Mpa = 145 PSI.

1074 M
g/mo

1.77
2.15
1.69
1.59
1.44
1.54
1.68

1

S

MPa

2042
200
193
177
116
167
201

[ o3

E
2

144
126
122

185
105
99




TABLE 111
PET Film Base at 85 C .
Time RH 104[A] 1074 u 'IOSA(M? TS -E  Crease

Days % equiv/g g/mol "  mol/g " MP2a % YN
Unaged - 0.35 1.77 0 204 144 Y
61 100 1.15 3.0 170 113 Y
76 100 0.64 1.13 3.2 Y
81 100 0.85 1.07 3.7 108 18 Y
97 100 1.25 0.85 6.1 N4 s Y
108 100 0.80 6.9 weak brittle N
178 100 5.05 0.55 12.5 weak brittle N
97 .50 1.19 2.7 158 80 Y
146 50 1.41 1.4 150 100 Y
340 50 1.66 0.68 9.1 weak brittle N
154 25 1.77 0 190 142 Y
341 25 .3 1.8 155 107 Y
650 25 196 78 Y




Table IV. HYDROLYSIS RATE CONSTANTS "N PET FROM ACID CONTENT (kA) and MOLECULAR WEIGHT (k") at 85 °C

Polymer

Fi'm Base

Microfilm A
Microfilm B
Uncoated °
Coated C
Coated D
Encap. Film

Average

72

-l

-t el e el cmld ed
e ® e o o o

Units of k, and ky are %/day

ky
0.92 +0.13

14 $0.08
0; $0.01

6
14 10.12
84 10.70

1.
1.
0.
1.
0.
1.10 20.08

.38 t .25 ].02 to.]g

25% RH
Ky

0.12
12 £0.07
20 20.10
16 $0.07
14 10.01
1 £0.03

[ 4

0.
0.
0.
0
0..

0.16 £0.04




Material
Film Base

Microfilm B

(1
(1

Time/days

0
136
312

)
136
312
136
32

Table V

PET at 70 C and 100% RH

10‘4Mn/g/mo1

TS/MPa
1.77 204
1.41 183
117
1.69 193
1.46 132
110
1.46 131
128

(1) Microfilm B aged after removal of the gelatin layer,

]

E/%

144
124
39

122
75
23

56



Table VI
Characteristics of Unaged Magnetic Tape

Binder Sol Peel 1 Organic Sol in
Layer (BL) Content Strength in BL Org OL
wt¥ wt¥ N/ wtd wtd
1 202 0.8,09 35 - ° 303 9.5%
2 23 1.4 > 800 24 25
3 32 2.1, 2.6 150 25 30
4 24 4.8 > 800 29 69
5 28 0.7, 0.6 35->450 26 9.7

U IN/m = 1.02 g/cm
2

3

4Assuming half the back coat is carbon

Not including the back coat with carbon black that is 6% of the tape weight
Oxide binder only
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Time
Days

18
46

TS
MPa

230
130

290
143

230
130

220
115

Table VII
Effect of Agina Magnutic Tape at
85 C and 100% RH

E Sol Sol in
% 4 Org BL
Tape 1
139 0.8 9.5
4.7 56
5 4.3 51
Tape 2
118 1.4 25
3.0 55
40 2.4 44
Tape 3
103 2.4 30
2.4 30
32 1.8 23
Tape 5
130 0.7 9.7
5.0 69
4 4.1 57
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Table VIII
Effect of Aging Magnetic Tapes at
60 °C for 85 Days

R.H. Sol Sol in Peal (1)
Org BL Strength
y wt3 wt? N/m
Tape 1
Unaged 0.8 9.5 325
0 0.5 6.0 350
11 0.6 7.1
30 0.5 6.0 250
100 4.6 5 200
Tape 2
Unaged 1.4 25 >800
0 : 0.8 15 >600
n 1.0 18 >650
30 1.3 24 100
100 2.7 49 50
Tape 3
Unaged 2.4 30 155
0 1.4 18 140
1" 1.8 23
30 2.3 29 60
100 5.4 68 15
Tape 4
Unaged 4.8 68 >800
0 4.0 56 >700
n 3.5 49
30 4.4 62 >750
100 £.0 77 25
Tape 5
Unuged 0.7 9.7 >450
0 0.4 5.5 >500
n 0.3 4.2
30 0.7 9.7 >400
100 5.3 7 12




I | I
4 8 12 16

Days

Fig. 1 Ln ([A]/ [Ao]) vs Aging time in boliing water.
A , Fiim base; O, polymer E; O, polymer F;
—, Ln ([A]I [A]): 0.080 t - 0.017
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L 1

26 28 3.0
1037

Fig. 2 Arrhenius Plot for PET at 100% RH. k

3.2 3.4

A was used

when it was available; otherwise, kM was used.

-, Ln k=- (14000/T) +39.3
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PREDICTION OF THE LONG TERM STABILITY OF POLYESTER-BASED RECORDING MEDIA
by

Danisl W. Brown, Robert E. Lowry, and Leslie E. Smith
National Bureau of Standards
Gaithersburg, Md., 20899

Abstract

Aging studies with poly(ethylene terephthalate) film base indicate the
Lifetime is equal to about 1000 years if ths material is stored at 20-25°C
and 50% relative humidity. Concentration changes of acid and alcc“al groups
that occus as a result of aging have been measured by infrared analysis.
Rate corstants calculated by this method agroe reasonably well with those
calculnted from acid contents determined by titretion.

Crosslinked polyester polyurethanes wcia prepared as models oy the
binder of magnetic tape. Agirg studies with these materials indicate that
they hydrolyze riore slowly than ordinsry poclyester polyurethanes. Samples
aged at 859C a. 100, 50, and 25% relative humiuity eventually deteriorated
greatly in .. physical sense.

Magnetic tapes were aged and messurements made of *he sol content »f
the binder and its adhesion to the polyester base. The Latter quantity
appears to be 8 more valuable indicator of tape conditicn than sogl content.
Values of binder adhesion of six brands of magnetic tape initially varied
between 800 and 35 N/m (cr g/cm). Binder adhesion in aged tapes vas less
the higher the temperature and humidity of aring. A tape transport had
tifficu'ty processing tape with valumw -f binder ad,esio:. as low as 10 N/m.
There ves no problem at 35 N/m. It is ticipated that the lifetime of
magneti: tapes can be predicted by measurements of binder adhesion,

1.0 Introduction

A five-year environmental sging study aimed at establishing the Li%e~
times of magnetic tapes and the poly(athylen- terephthalate) (PET) base of
photographic and stect -raphic film is baing sponsored at the National
Bureau of Standerds by the National Archives. This is the *-ird report on
this work,

Data of many kinds are recorded and stored on photographic film &and
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magnetic tape. Both medis contcin an active eleme:* in & dispersing medium
bonded to @ substrete of PET. Electrogrephic film elsoc hes » PET bage. The
Lifetime of PET under mild storage conditions is very long but unknown. The
iron oxide of magnetic tape is dispersed in polyester polyurethane, @8
material known to be hydrolytically unstable. Consequently, there is con-
cern about the keeping qualities of filwm base and oxide binder.

Earlier results in this study agreed with previous work in that
hy4rolysis appesred to be the most important degradetion process. The
chemicel reaction in both PET and polyurethane is hydrolysis of the ester
Linkage:

k

H0 + -Q0,- ~+ OH + ~Q,H 1]
The products of this reaction are en acid and an alcohol; in eddition, the
polymer chain is broken leading to s reduction in the molecular weaight. The
previous report gshowed that the increase in the acid content of PFT wes
approximutsly equal to the increase in the number of polymer molecules,
consistent with reaction 1 being the only scission procese. The same r. sult
had h<en found earlier with polyester polyurethanes{1].

neaction 1 is catalyzed by the acid formed so the hydrolysis rate
accelerates exponentially st the small extents of reaction sufficient to
seriously reduce the mechanical properties. Applicable equations are:

(A] = (A,] explkt) (2)

/M = /M = [AleXE - 1) 3)

Here [A], k, t, and M are acid conteni, rate constant, time, and molecular
weight, respectively. Subscripts indicate use of initial values. “he rate
constant, k, i3 pseudo first order because the ester and water co. antra-
tions do not change signiticantly. Physically, k is Lhe fractional rats of
increase in the acid content. Values of k are approximetely proportional to
the relative humidity, RH. Units used for [A] are mol or eq acid/g polymer;
these are equal quantities. The quantity (1/M - 1/M;) represents the mol
scissions/g polymer.

The rate ¢ 'nstant was calculated from rearranged forms aof Eq. 2 and 3,
k=LinllAl/i 1)1/t any k=(LnL(M™T-M "V +1A 1)/1A,11)/8, respectively. Values
were obtained w’'th PET at tempsratures between 115 and 55°C at 100% RH and
et 85°C a% 100, 50, a:.d 25% AH. The set at 100% RH ~ .lowed the Arrhenjus
equetica clocely. Correlation of acid conteat with tensile strength and
elongation at brsak indicated that doubling the acid content Left tolerable
physical properties in the films but tripling it caused serious embrittle-
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Tont. Consequently, Eq. 2 wes rearranged to give t explicitly and Lifetime
wes sssumed to be equal to (100lLn 2)/k or 69.3/k deys if k is in %/dsy.
Lifetimes obtained by extrapolation of k to 25 and 20°C were 400 and 900
years, respectively, &t 100 % AH. Values st 50% RH &re twice as long if k
is proportional to RH.

The weakest point in the above analysis i the Long extrepolation to
anbient temperature. Most of the experim ntal k are at temperstures sbove

. the gless temperature of PET. about 70°C. The only value of k at 55°C was
based on 8 value of (Al/[A,] equal to 1.24. This k was on the .Arrhenius §
v line so we estrapolated Linesrly below the gless temperstur. Values of k

besed on Larger (Al/[A,] and aleo at Lower temperatures are desired to
better velidate this extrapolation. Changes in [A] sre very slow st tem-
perctures of 55 and 35°C. Samples aged at 55°C ere éxpectad to double in
ecid cuntent in five year.; acid contents of those eged at 359C may in-

create by only two percent.

Work on FET in this reporting perioc has been Limited to accumulating
dsta on ssmples aged at 70, 55, and 35°C at 25, 50, and 100% RH and devel-
oping en infrared analysis based on the increasse in concentrations of acid
and alcohol grovr~ during hydrolysis.

The polyurethane binder on magnetic tape was expected to obey squa-
tions with the same form as those above. Analysis of the reaction i§s
complicated by the Large smouni cf iron oxijde suspended in the binder, the
presence of Lubricants and wetting agents, and the fact that the binder is
crosflinked. Additionally, there is svidence thet binder becomes more
crosslinked at 0 and 15% RH although it degrades at 30 and 300% RH(2]. In
the last reporting period we observed this kind of behavior in 8ix kinds of R
magnetic tape, although our data suggest slow crossl.nking even at 30% PH.

Cuddihy attributed cross linking to reaction of acid and sster, i.e., the
reverse of hydrolysis and predicted that an equilibrium would be reached
that would result in more or Less psrmanently stable tape([c]. Later Bertram
and Cuddih, settled on 18°C anc 4% RH as the ideal condition for
storege(3]. However, soluble polvester polyurethanes do not appaar to

stabilize at moieculer weights sufficiently high to have tolerable physical

properties even at 15% AH{4). Thus there is some uncertainty about what is ‘
happening to the binder when magnetic tapes are aged at Low AH. Addition-

ally, there is the possibility of the binder becom ing detached from the PET

backing even if it does not degrade. The binding strength d°d nct deterior-

ate in tepe sa.ples aged st Low RH but did at 100% RWH(2] and it is uncer-
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tain at what RH significant Loss in binding strength will occur.

In this reparting period magnetic tepes were aged at several tempec—~
atures and RAH. Sol fraction and binding force hetwsen the magnutic Layar
and the PET base were measured. Portions of aged taps were tasted on 8 tape
transport. Model binder wes prepared and aged.

2.0 Experimental

PET samples inciude coated and uncoated elsctrographic film, exposad
and developed photographic film, and uncoatad film base. The National
Archives provided all but the uncosted film bass, which was purchesed.
Semples were aged at 70, 55, and 35°C at 25, 50, and 100% RH ebove solu-
tions of Lithium chioride. Tensile strength and elongation at braak were
measurad at intervals on a tensile testing machine. Acid contant was mea-
sured by titration with tetrabutyl ammonium hydroxide. More details about
these methods are given in earlier reports.

ModelL binders with different crossLink densities were grepared by
dissolving s commercial polyestar polyurethane 1n tetrahydrofuran, adding
tha desired amount of toluene diisocyanate, evaporeting the solvent, ai d
curing the fitm at 100°C under nitregen for one week. Samples of these
films were agad at 25, 50, and 100% RH et 85, 60, and 35°C. Infrared
spectra were taken and tensile strength and elongation were measured.
Swelling ratio was measured by placing 50 mg. samplas in 20 cma of tetre-—
hydrofuran for =bout 60 hours, ducanting thea solvant, latting rasidusl
droplets avaporate, and weighing tha swollen polymer in tha closad con-
tainer. Sorbed solvent was removad under vacuum at 100°C to give dry gal.
Densities of solvent and dry polymer were used to calculata the volume
swalling ratic by assuming volumas were additive. The solL fraction was
Calculatad by subtracting the gei fraction from one. Some films bescama
completely soluble aftar aging. Acid contente of “nese wers dastermined by
titration in dimethyl formemide with tetrabutyl ammonium hydroxida.

Six kinds of commercial magnetic tapes were aged at 85, 60, and 35°C
at 0, 11, 30, and 100% RH. Agad samples were extractad with tetrahydrofuran -
to measure the sol content. Binder adhesion was measured by applyin3 sticky
tape to the bindar Layar and using a tensile testing machine to saparsta
the binder lLayer from the PET base., A tape transport was procured and usad
to write and read dats to and from S50 foot lengths of the aged tapes. The

program stopped the teat after 25 successful write, read cycles cr une
unsuccess ul one. An unsuccessful attempt was recn:dad only after sevaral

]
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triels, as determinad by tne transport characteristics.

Infrared spectrs ware obteined in a commercial Fou jer Trensform
Infrared, FTIR, machinc. Signals from 1000 scans et 8 cm™ resolution or
from 100 scens at 2 cm™? resolution were sveraged to give the spectras.

3.0 Results
3. PEI

3.1.1 Aging at 70.55, and 35% Teble I Lists *ensile strenpth,T, slonga-
tion at bresk, E, acid content, and k for several kinds of PET aftar djfr-
ferent amounts of aging at 55°C and 100 % RH. There are smell but probasbly
significant changes in tansile strength and slongetich in most of tne
samples. Uncoated electrogrephic film C Lost almost ol: of its ability to
elongets.

The 8zid contents are based on citrations unless use cf FTIR is noted.
The Llatter technique is described below but the method is not in itg final
form so we have not made measurements on all the films. Acid content has
increased significantlLy for.all samples tested. Valuss of k were ca‘cylated
from the Listed acid conterts. Uncoated electrographic film C appears ta
have @ higher k tian the other films. Unaged, this materiel had o higher
crystalline content than the other films in addition to lower tensile
strength and higher elongation,

Tensile strength and elongation did not change significantly when
samplis were aged st 25 and 50% AH et 55°C or at 35°C at 100% RH fsr three
years. Acid .ontents have aot been measured on these samples.

The Long term stability cf the various coatings is more questionacte
than the stabili“y of the PET. Coatings on C snd D have changed color even
at 35%C. Films agsc at 55°C heve Coatings that are more easily detached
than before aviry, Some of the changes may be due to Light or oxigation,
the e7fects of which will be investigeted in the coming period. The photo-
graphic films {ost the emulsion leyer, but only w'thin five cm. of the
surface of the LiCl solution used to control the humidity. Positive results
were cbtained when the denuced areas were tected for CL™, Apparently t-ere
w3s inedvertent transfer of salt sclution to the fiin, The gelatin of the
emulsion Layer must have bgen affected by the salt soluticn, which has a

high ronic strength,
Amorphous PET was aged at 70°C and 100%AH to determine if it accumu-




latad acid at a different rate than semicrystalline commercial ‘ilms,
Unfortunately, it crystallized during aging so we have ended this effort.

3.1.2 unfra red Studies Figures 1 and 2 show FTIR spactra of dry PET
between 3800 and 3100 cm™! using 2 and ® cn™) resulution, raspectivaly.
Specimans were three lLayers of film besa each 0.004 in. thick thet had been
aged in boiling water, as described in the previous report, for the number
of days indicated on the plots. Elongation at bresk and acid content of the
fila, a3 messured by titration. are Listed in Teble II along with differ-
ances -scween the absorbance at 3717 cm™! and absorbances at 3542 and 3256
e Y,

The TIR instrument is continually purged with dry air. Sorbed mois-
tura in the films absorbs in the region plotted so spactra changed sppre-
ciably for about six hours as the films driad out. but did not change
significantly thereafter. Thare is ample room in the purged space of the
instrument for meny samples. Opening the purged space briefly to transfer
drivd samples to and from the saaple.hclder did not noticeably change the
spectra, The procedurs adocpted was to put samples in the onrrged spsce the
day before they w.ra to be run so that they had more . «v hours of
diying time.

Spactra at bot resolutions show increased absorption between about
3600 and 3100 cm™) as the aging time increases., The whole Level of absorp-
tion ssems to i~zrease although a peak at 3542 cn™ becomas mor rominent,
There are small, regularly spaced pasks in all the spectra that arz due to
interferance batwean raflections from the front snd back of the films,
Increaring tha resolution sharpens these peaks but doas not chenga the
absorption in other ways.

Acid and alcohol groups in PET absorb at 3256 and 3542 cm'i, respec—-
“ivaly[5]. Addleman and Zichy have applied infra-rad spectroscopy to mea—
sura acid and alcohol group concentrations in PET(6]. Thair samplas haao not
baen artificially aged end acid contents rangad only from 0.43 to 5% X
1074 mol/g. Their criterion of drynass wes that the sample be more trans~—
parent at 3683 than at 3717 cm'1. Our samples driad as described above met
this condition, Their methot of analysis is considerably mora comolicated
than what we are currently using because they had to allow for dirfersiices
in crystaltinity and orientation. both of which affected the abscrption
coafficierits, Our comparisons are bstween or.ginal and cgad materisi which
appaar to hava the same crystalline content, as measured ty diffarantial
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scanning calorimeter. There are no dimensional changes, which would be
expected to occur 1f orientation changed. It is desirable to orient samples
consistently in che instrument beam to minimize effacts due to dichroism,
but these seem to ba only a faw per cent in ocur instrument.

Our method is to use the absorbance et 3717 cm™)

as the bassline above
which to messure absorbance at 3542 and 3256 cm™'. Table II contains
absorbance differences that are meens of those found in 8 and 2 cm. )
spectra. Fig. 3 correlates the increases in acid content with the incraace
in absorbance difference. These are reasonably Linear correlations. The
initial acid content for most filme is 0.35 X 104 mol/g so doubling it
should increase the difference in absorbance above that of the base Line by
0.2 in the acid region and 0.3 in the slcohol region. There is ample
sengitivity to measure that difference so the Lines of Fig. 3 could be used
to anticipate failure or calculate the rate constant for the incresse .n
acid content. The acid contents with i subscripts in Tatle I are means of
the two valuas calculated from the Lines of Fig. 3.

Probably the interfering reflections contribute importantly to the
scatter of the data about the Lines in Fig. 3. Roughening the samples
reducec the reflsctions but iniroduces uncertain diffsrences in thickness.
One method suggested by Addelman and Zichy(6], which we have not tried es
yet, is to coat each film with a dry hydrocarbon.

3.2 Studies with nogdel Binder[7]

3.2.1 Gharacteristics of unaged materials The binder layer of megi c¢ic tape
consists of ircn oxide particles dispersad in a crosslinked polyesuver
polyurethane. This Layer is prepared by dissolving a8 polyester polyure-
thane, adding iron oxide and crosslinkirg agent, epplying tne sturry to PET
film, and heating the film to evaporate solvent and cause crosslinking. The
iron oxide is precoated with 2 wetting agent and a catalyst is used to
speed the reaction. A polyisocyanate is used 8s tha crosslinking agent. It
reacts with the urethane groups to form allophanate Linkages:

-0!3- + -NCO — -j'.‘.w- (4)

The soluble polyester polyurethane is a block copolymer with the
structure: k)
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OH HO OH HO

- (R-0ENCgHCHACoH,MD (CHy ) JOCNCGH CHoCe M )= (5)
The group, R, is a polyester, frequently poly(butylene adipate), with a
molecular weight of about 1000; it is the soft segment. The rest of struc-—
tura 5 hae a molecular weight of # qut 600; it is the hard segment and it
contains the urethane groups. Theie are about 15 segments of each type in
an average colymer molecule. Hard segmente associate to some extent and
make the bulk polyurethans behave es if it were crosslinked. The allaphan-
ate reaction introducee chemical bonds between herd segments, which may be
on different molacules, and so generates an infinite network known as gel.
Not every molecuie need be part of the gel.

Our model binder lacks iron oxide, wetting agent, and catalyst and it
uses & mixture of toluene diisocyanates, 20% ortho and 80% para, instsad of
a polyisocyanate. Nevertheless. it should reepond to hydrolysis wuch Like
binder because the hydro'ysis occurs in the ester linkages, which are the
same in binder and model,

Folymers that have been crosslinked past the gel point are incom—
pletely soluble. They are evaluated by maasuring the fraction of material
that is soluble (soi,s) and the volume fraction of gel in polymer swollen
by solvent. We useu these methods and also infra-red spectroscopy to mea-
sure the change in acid content. Scission of the ester Linkage during
degradation crertes additional sol, increases the extent of swelling, and
incresses the acic content, which can not be measured by titration unless
the polymer is nearly sll 3sol.

One crosslinked uni: per weiyht average molecule gives gelation[8].
Our starting polymer has number and weight average molecular weights of
about 25000 and 50000 respectivaly, as messured by gel chromatography. Thus
only 2 X 10'5 mol crosslinked units/g polymer is required for gelation.
Much more crossiinking is possible because eech hard segment contains four
urethane groups, so there are about 60 possible crosslinking sites per
molecule. A network of hard segments is expected if one urethane group in
four is crosslinked. This second network should not be degraded by hydroly-
sis of the ester groups.

TaL.. II1 Lists some of the initial properties of the riodel binders.
Quantities from Left to right are: 1/U, the ratio of isocyanets to urethane
groups mixed together; s, the sol fraction; v, the volume fraction of
Folymer in a gel swollen with tetrahydrcfuran;x » the number of crosslinked
units/pclymer moleculs; tensile strength; elongation at break; snd AAbs/L,
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the difference in absorbances at 3520 and 3750 ca” ! divideu by the thick-
negs of the film.

The material with I/U equal to zero is starting polymer. Amounts of
diisocyanate much in excess of those theoretically required for gelation
were used for the models. Sol fraction decreesed and the voLume fraction of
polymer in swollen gel incressed as I/U was incressed. Values of ¥ were

. calculated from s and v, by equations of Charleaby{9] and Flory[10],
respeccively. The Charlesby equation was used when I/U was equal to 0.14
and the Flory equation was usad with ths other two model binders. Sol
fractions in these two polymers appeared to be zero, which prevents use of
the Charlesby equation. The Flory equation will not allow for crosslinks in
the sol, 80 it w.. not used when 1/U was 0.14. Theoreti.al values of & ,
assuming complete reaction of isocyanate with urethane, are 9,35, and 63
crosslinked units/polymer molecule, at I1/U equal to 0.14, G55, and 1.10,
respectively. The poor agreement with the axperimental value at lLow I/U may
be due to crosslinks within one polymer molecule and Loss of {so.,:nate
either by evaporation or resction with inadventitious water. Agreemsant is
better at I/U equsl to 055 and 1.1 but our eging studies suggest the Flory
equation gives too high a crogslink density in this system.

Tensile strength and elongation were measured using rectangular speci-—
mens about 2 X C.3 X 0.01 cm. Thes had @ tendency to tear if the crosslink
density was high. The variance is about 25% at I/U equal 055 and 1.1 and
abouc 10% at I/U equal 0 and 0.14.

Wate: contants et 35 and 85°C and 100% RH were nearly the same in the
soluble polyestar polyurethane and in model binders with I/U aqual to 0.14
and 1.1.

Infra-red spectra of aged and unaged dry films batween 3800 and 3220

are in Fig. 4. Lines 1-3 are for unaged film. The large peak that is
off the absorbance scale at 3350 cm"1 is due to NH stretching. This peak is
broader in model binder than in polyester polyurethane. We did not f nd the

- acid OH stretching region at 3250 cm™}

cm”)

useful because the NH band was 80

intense. A usaful correlation was developed using tha alcohol band at 3520

cm~ 1, The spactra of unaged films with high crosslink density show smaller

absorbance differences between 3520 and 3750 cm'1. The values of gAbs/L in
Table III quantify this result. It is reasonable because reaction betwaen
isocyanate and alcohol is more rapid than the allophanate reaction.

1

A small sharp peek at 2280 c¢m ', a region where isocysnate absarbs,

was present in spectra of model binders made with I/U equal to 055 and
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1.4. This peak disappeared during aging, presumably as 2 result of reaction

between isocyanate and water. Spectra of the polyester polyurethane and
the model binder with I/U equal to 0.14 Lacked this peak.

A question of importance because of the autocatalytic effect of acid,
i8 whethar the iscuyenate reacts with carboxylic acid? This is present in
the starting polyurethane at a concentration of about 10'5 mol/g. Schollen-
berger and Stewart[11] found no reaction betweer acid and isocyanate during
urethane greparation. Here reaction would compets with the allophasnate
reaction, which is slow. We agecd the polyurethane until it hed an acid
centent of 6 X 1[.!'4 mol/g and then treated it with enough monoisocy. 1ate
(used so the product would be soluble! to react with all the urethane,
alcohel, and acid present. After reaction for one week at 100°C the :id
content was only 025 X 1074 mol/g. Apparently acid can be destroyed by
isocyanate.

3.22 Aging effects gt 85°C in model binders Pieces of the film mede with

1/U equal to 1.1 were aged in gealed glass tubes above well dried Molecular
Sieves in vacuum, dry nitrogen, and dry air. Samples were also aged in wet
air at 100% RH and above water vapor in the gbsence of air. Three exposurs
times were used: 18.7, 3B.7, and 56.7 days. None of tha samples that were
aged dry swelled less in solvant than it did vefors aging. Piecgs of film
made with 1/U equal to 0.14 were aged for 10.4 days in dry air and in wet
air at 100% RH. The sol fraction of the film aged dry was the same as
before aging. Thus our conclusion is that model binder does not crosslink
when aged dry. This is a distinctly different result than obtained with
magnetic tapss,

The samples aged wet became quite highly colored during aging whareas
those aged dry changed very slightly. Fig. § illustrates this effect in the
films made with I/U equal to 1.1. Tha unaged specimens and those aged dry
barely show in Fig. 5 because they are nearly colorless. Semples aged in
vacuum are like those aged in dry No. Samples aged wet were at 100% RH
excsp* as noted. Discoloration is worse in wet air than in air-free water
vapor. ..ere have been studies of the ~iscoloration of polyurethanes during
aging(12,i3] but the authors did not investigate the effect of moisture.

Semples eged for Long periods at high humidity became hard and brit-
tle. Their acid contents actually were Less then those of samples aged for
shorter times. Our speculation wes that the molecules had degraded so much
that polysstar evaporated and dissolved in the aquegus phase, thereby
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raising the glass temperature of the remaining polymar and decreasing its

acid content. Semplas were submitted for nitrogen analysis; results are in
Table IV. The incresses in nitrogen content gupport the hypothesis. Cross—
Linking and Lower RH appear to reduce the effect.

Fig. 6 shows how tensile strength and elongation change with time in
samples aged at 100X AH. The Lines connect sequential points €or sach value
of I/U. Values for the crusslinked samples usually increase initially. It
seems reasonable that scissions in a tightly crosslinked polymer initially
increase extensibility. The effact on tensile strength probably is cdue to
decreased sensitivity to edge imparfections in a more extensible polymer.
Additional aging ceuses a rapid decrease in both T and E at times that
increase with I1/U.

Fig. 7 siows velues of T and E after aging at 25% RH. Longer times
~are required to give the same effects “han at 100% RH. The elongations of
tha two more densely crosslinked samples remain large. Less exteneive
degradation at 25% than at 100% RH probably gave products that remained in
the polymers and softened ihem. Polymers aged for the Longest times are
probably too soft to be satisfactory birder even at high I/U.

Agings were also done at 50X ARH with results intermediate between
those at 25 end 100% RH. ALl semples eventually broke at Low elongation.

Fig. 8 shows the sol fraction of the two more densely crosslinked
samples after aging at 25, 50, and 100% RH. The material with I/U equal to
055 esentually becomes completely soluble at all RH wheress the other
matarial appears to reach a final sol fraction equal to 0.5. Tha weight
fraction of hard segment plus added toluene diisocyanate is 042 when 1/U
is !.4. Accordingly, wa feel that the material that doss not dissolva is
primarily crosslinked hard segmant, although some hard sagment and some
ester are in sol and gel respectively. The fact that the polymer with I/U
equal to 055 did not form permanent gal, aven though it had twice the
isocysnate sufficiant to do so, suggests thet ai Least half the isocyanate
was wasted. Crosslinks betwean urethane groups within the same hard segment
or molecule could account for this. An additional implication is that the
val ofx ir Tahle 111 for materials with I/U equal to 0.55 and 1.1 sra
much too high. The reasuns for the failure of ths Flory squation may be
connected with the preferred association of hard sagments in polyester
Polyurethanes. We suspect that chains coming from hard sagment blocks
interfere with une another and soc do not sweil to normel equilibrium.

'alues of the sol fraction can be used to culculate the number of
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sciséiors. We did *his using the Y of Teble 1II (7] but now think the
results were wrong because the initial crosslink densities were too high.
Mol scissions/g reached values as high as 4 X 1073 even at 25% RH. This is
much higher than found in polyester polyurethanes at the seme RH({4]. More
reasonable values are obtained if ¥ is about 10 for unaged model binder
with 1/U equel to 055. To get this would require thet the sol fraction be
001, which is too small to be significant. The correspaonding density of
crosslinked units, ¥/M,, 18 4 X 1074 mol/g if M, is 25000 g/moL. The
polymer should become completely soluble during hydrolysis when ¥ is 0.5,
since it has a most probable distribution. The concentration of crosslinked
units will be unchenged if only the ester groups hydrolyze. Therefors the
molecular weight will be 05/(4 X 10'41 or 1250 when complete solubiliza~-
tion occurs. Thare should be one acid group per molecule in the degraded
materisl, making [A) equal to B8 X 10”4 mol/g.

Acid content can be measured by titration of soluble polymers. Velues
obtained by titration of crosslinked, partly soluble polymers are not
expected to be valid because the base will not get into the polymer. Infra-
red spectroscopy appears to be useful in messuring the increase in acid
content of such materials.

Lines 4-6 in Fig 4 are infra-red spectra of sged polymers. Comparisons
with the spectrs of the corresponding unaged polymers indicate the aged
samples hav a larger absorbance at 3520 cm°1, in the alcohol OH stretching

region, and at 3717 cm™)

. The absorbance of each sample between 3700 and
6500 cm'1 is substantially constant but is higher for the aged films. The
cause of this raised absorbance plateau is uncertain but we have treated
the flat region es the baseline and measured 8Abs/l as for the unaged
polymers. Titrations for acid were performed on soluble polymers. Acid
contents were obtained with unaged starting polymer, I1/U=0, an3 aged poly-
mers with 1/U=0, 0.14, and 0.55. As many alcohol groups should form as acig
groups, according to reaction 1. Thus one should expect the increase in
acid content will be proportional to the increase in the absorbance dif-
ference,i.e., AAAbs/L. Furthermore, if the criginal acid content s much
less than the acid content after aging, as seams reasonable, then the acid
contents should be proportional to the increase in absorbance difference.
This is shown to be appro. mately true in Fig. 9. The Ling in this figura
wes used to calculate acid contents of polymers that were not completely
soluble.

Fig.10 is a plot of acid content vs. time at 85°C and 100% RH. Acid
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contents were determined by titretion or by use of Fig. 9. Lines are
calculeted by Eq. 2, using values of [A,] and k Listed on the plots. The

intent is to fit only the early points. Figures 11 end 12 contain similar

results from samples aged st B5°C and 50 and 25% RH, respectively. Note
that at 25% RH the laest [A] determined for the polymer with I/U equsl to
055 is sbout 7 X 1074 mol/g. The conclusions dreswn from these plots are
that [A,] and k are lese for the densely crosslinked films.

Presumably reactiun between ecid and isocyanate reduces [Aol. Reasons
for the reduction in k sre speculativa, but it is suggested that tha rate
constant for esterification, i.s. the reverse of reaction 1, is effectively
greater 1in e dense’, crosslinked gel than in an uncrosslinked polymer
because the acid cnd alcohol can not separste normally because of physical
constraints. The apparent result would be to decrease k, the rate constant
for hydrolysis.

Preliminary tests of this hypothesis have been made by pre-aging model
binder and re—-aging it at OX% RAH. Under this condition the scid content
should dscrease end hydrolysis should be absent. Reaction is Just tne
reverse of reaction 1., The differential equation connscting {A] and time
is[4]:

-(d[Al/dt) = k'[AJ2(LH ] + [A]] (6]
Here [Ho] is the alcoliol content before the initial aging end k' is the
rete constant for the back reaction. Acid concentration is squared because
acid catalyzes hydrolysis and so must catalyze esterification.

Results in Tsble V were obtained by integrating Eq 6 and solving the
resulting equation for k', using [A,] as the acid content at the start of
the re—aging period and [A] and t 95 acid content end time after re-
aging(4]. Thus each k' is calculated frcn two points, [A,1,0 and [A],t. The
[Hol, which are required, were calculated as follows. The acid content for
uncroselinked polymer was determined by titration and found to ba 10-5
eq./g. The molecrisr weight is 20,000-25,000, so there sre about 10-% mol
of end groups/g polymer. Only 10% of these are acid groups so the concen-
tration of alcohol groups was taken as 10'4 »ol/g. It was then assumed that

AAbs/Ll, in Teble 1II, was proportional to the alcohol content so [H, ] for
unaged crosslinked film is 0 -4 times the ratio of the ( Abs/l)'s.

The firal column Lists the k'. Results probably are not very accurate
so the first five Listings are regarded as not differing significantly. The
last three Listings indicate that k' is larger .or the most densely cross-
linked material. However, tha effect seems to be less the greater the
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initial (Aj], i.s. the grester the extent of pre-sging. The implication is
that hydrolyeie will eventually reduce k' to its vealus for uncrosslinked
polymer. The second Listing for k' uses 1074 mol/g for [Hol, which we
regard as known only spproximstely. Larger [Ho] does not eliminate the
lerger k' of polymer with I/U equsl to 1.1.

Previously it was found that k' in uncroselinked polyester diols and
polyurethenes depended on RH[4]). Consequently, the velues of k' in Tebie V
probebly should not be used at any other RH than zero.

Model binders are being aged a¢ 60 and 35 °C. Preliminary results at
60 °C sre Like those et 85 °C but & five fold greater time is required to
accomplish the saus rlsult.ﬂo significant deg~sdetion had occurred at 35
%c.

33 Megnetic tapes

33.1 Unaged tepes Charactsristics of unaged tapes are Listed in Teble vI.
The values are nearly the same 85 those in the .cst report. Changes were
mede a6 additional measurements affected the average results., Tape 1 has
binder with carbon on the surface opposite the one with magnetic oxide. The
other tapes do not have this coating. Several rolls of Tape 5 had very low
adhesive force betwaen binder and PET base so the group has been divided
into 5A and 58.

The weight of the binder layer was determined by immersing tape in
acetone, scraping off the swollen Layar, and weighing the PET base. The
organic content of the binder Layer was determined by burning off the
binder in air. It is possible that some reduction : ° the iron oxide may
have occurred during this operation, which would result in an unkncwn
error. The quantities in the column headed “Sgl in Org BL" ara probably
somewhat more than the sol content of the polymer that makes up the binder
layer because of the extraction of additives, such as Lubricant, catalyst
fragments, and oxide wetting agent.

The acid content of the sol from Tape 4 was measured by titration and
found to be 8 X 10"5 mol/g. A Lower value was expected beca..: polyester
polyurethanes generally are made with acid contents approximstely equal to
10-5 mol/g. Lower molecular weight camponents, which have more chain ends
and so more acid, tend to remain 8s sol during crosslinking. This makes the
acid content of the sol different from that of the whole polymer but even
if there is nn acid in the gel the overall value is about 5 X 10'5. Acid
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contants of sol from other tapes were not messured because they are smaller
fractions of the organic component of the binder Layer.

The binder layer can be removed from the PET base by immersing tape in
the proper solvent mixture for about 60 seconds. A mixture containing three
volume percent water in hexafluoroisopropancl works for all except Tape 4.
The binder flosts off and curls up but has enough strength so it can be
drawn flat onto @ 10 mil-thick Teflon sheet, that is also immersed. Hexa-
fluoroisopropanol is sorbed by the skin and is a poisonous vepor, so care
must be exercised during these operations. Binder on Tape 4 is very fragile
when highly swollen, because of its Low crosslink density. A mixture of 10
velume percent watar in acetons swells the binder. Layer of Tape 4 adequate-
ly. A small amount of meterial is actually dissolved during the removal
operations. The use of mixed solvent and non solvent reduces this to a
relatively small fraction of the total sol.

Fig. 13 comperes the infra-red spectra of binder Layer from Tape 1 and
the soluble polyester polyurethane used to meke our model binder. The
spectra are very similsr, except for the scattering due to the oxide parti-
cles, which results in a decreasing baseline, and absorption due to the
magnetic oxide at about 600 cm'1. There is alsoc a bruad, weak peak at 2200
cm'1 in the spectrum of the binder layer that is not in that of the poly-
urethane.

Fig. 14 compares spectra of binder layers from six kinds of tape. All
spectra are very similar but there are differences in the weak absorptions
between 2600 and 1800 cm'1. The source of these absorptions is unknown.
Isocyanates and carbodiimides have relatively sharp absorptions at 2270 and
2170 cm°1, respectively. Isocyanete hydrolyzes to amine at room tempera-
ture, so it is unlikely to be present even in unaged tapes. Carbodiimide is
used to stabilize polyester polyurethanes and might be an additive, but a
narrower peak should result. We had hoped to study the degradation of the
hinder layer by using the abscrption due to alcohol groups, as in model
binder, but these absorptions are so weak compered with the scattering that
the approach dues not appear promising. Signal to noise was much improved
by making 10,000 scans, which requires about two hours for each spectrum
but even then the desired absorbance difference was not known precisely.
Additionally, nur aging data suggest that adhesion of binder Layer to PET
base may be the Limiting factor in tape Life.

3.3.2 Aged magnetic tapes Tapes 1-5A were aged in vacuum, dry nitrogen, dry
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eir, wet air (10C% AH), and air-free water vapor at 85° C. Aging undar dry
conditions caused 8 reduction in the sol content, presumably due to cross-
linking. Wet eir and watar vapor caused approximetaly equal increases in
sol content.

An aging temperature of 35% C appearad moro sevare then necassary or
desirable, since our interest wxas in changes at ambiant tamperatura, Most

of our results now involve rqinrgs at 60 and 35° ¢, -
Fig. 15 shows sol contant ‘ar aging at 60° C and 100% RH. Most of
the tapes reach 5% sol in about (00 daya and than give slightly Less sol on .

edditional aging. A sol rantent of 5% corresponds to about 60-70% of the
organic componant of the binder Laysr being soluble. Tepe 2 reaches only 3%
sol, which corresponds to about §5% soluble binder. Even Tape 4 binder,
which is 66% soluble to start with, naver becomes mors than 70% soluble.
These results resemble behavior of the most highly crosslinked model
binder.

Sol fractions of tapes sgad at 60°C and 30, 15, end 0% RH decreased
with time, implying that the binder crosslinked. Sol extrected from unaged
Tepe 4 gelled when aged at 85°C and 0% AH, confirming that crosslinking
occurred. .

Sol contents of Tapea 1,2,3,4, and 5A are 1.8, 2.4, 4.0, 5.4, and
2.3%, respectively, after about 250 days aging at 35°C and 100% RH. The
infre-red apectra of the axtracted gol ara Like the =ectrum of the polyas-
ter polyurethane in Fig. 13 axcept for a small sharp pesk at 2250 cm™? in
the former spectra. Attempts to determine the acid contents of sol + -
tractad from aged tapes by titration have not bean successful baceusa colo:
changes during titration preclude use of indicators and no sudden change
occurs in slactrode potentiel during potentiometric titration.

Dateriorating adhesive force between binder and PET base could cause
feilurn of tha tape. Our method of measuring this force is to apply a8 20-30
cm Length of 3/8-in wide embossing tape to the center of tha oxide Layar of
the 1/2 in—-wide magnetic tape and then separata the two tapes in 8 tensils -
testing machine. A high crosshead speed halpa start tne geparation of
binder Layar and PET; 20 and 40 in/min were used. The forcs i3 initially .
high but decreases quickly and is within about 25% of soms a.ergga value
during most of the pull. Thare is considerable oscillation of tha pen
during the pull becausa the separation occurs as a seriss of stops and
starts. Fig. 16 shows the racorder trace from three s. :h measuraments.

Unaged Tapes 2, 4, and SA do not Lose binder layer du-ing thesa
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experiments. The nther unaged tapes Lose binder, sometimes by failure
between binder Layer and PET (adhesive) and sometimes by failure within the

binder Layef (cohesive). Fig. 17 shows the behavior patterns in unagad
tapes that do lLose binder during the messurement. Most failurss are mainly
adhesive or mainly cohesive but not exclusively either. Sometimes horizon-
tal or vertical stripe ui binder layer are Left on the PET. There have been
cases in which the typs of residue has changed within one pull. Fig. 17
contains an example of this. No convincing rationslization of these phe-—
nomena has occurred to us.

The measured adhesive or cohesive force decreases during aging in a
way that depends on tempsrature and RH. Binder Layer fell off all tapes
aged at 60 9 and 100% RH for one yeer. These tapes were obviously not
useful. Fig. 18 and 19 show the time dependence of binder adhesion (or
cohesion) rfter aging at 60 °C and 30 and 15% RH, respsctively. Great
decreases from the initial values occur. Very Low valves, about 10 N/m, are
reachad for Tapes 3 and 6. Aging at 15% RH makes the sol cortant decrsase,
so changes in sol content probably will not be reliable indicators of tape
reliability.

Values of binder adhesion exceed 80 N/m for all tepes after neerly 500
deys at 35 °C and 100% RH. Aging at Lower RH for about one year Leaves
still higher valuss.

Experiments with aged tapes indicate that writa and read problems
occur when the binder adhesion value has decreased tu about 10 N/m. The
progremmed write—read sequence, dsscribed in the Experimental section,
failed after 14 passes of Tape 3, aged until the bii. 'r Layer adhesive
force was 10 N/m. There was binder Layer on the heads and wher. it was
removed additional write-read passes were made. Feilure agein occurred
before 25 passes of each type were made. Other aged tapes would run through
25 passes. These results imply that Large decreases in binder adhesion can
occur before tapes become useless. Ccnsequently, binder adhesion can be
used to monitor tape condition.

4.0 Discusgion

4.1 PET ALL results to date indicate that the type of PET now baing made
vill Last several centuries under the mild conditions anticipated for
storage of archivel materials. The extrapolation through the glass tem-

perature is still a source of uncertainty and will remsin so until some

39

17




determination, probably of the ecid content, gives the rate constant st a
lowar temparature than 55 °C.
It is emphasized that the excsllent physical properties of PET may

depsnd on 8 rather specific combination of orientation and crystallinity,
Any chenges might result in & materiel that ha: diffasrent sensitivity to
hydrolysis. Results obtained with the slectrographic films C may illustrate
this. Theee filme feil physically bofore the other filme and have signifi-
cantly different crystallin{ty than the other filws, as describad in ths
first report,

The infra-red technique described abovs can be used to monitor degra-—
dation, if that becomes desirabls. It is necessary to remove any film
coating from an ares sufficiently large to transmit the beam. The two-fold
increase in acid content is a reasonable failure critarion, excepting films
C, so long as films of the present type are in use. Changes in film charac-
teristics would require that the failure criterion be reestablishad.

42 Model Binder The model binders behaved in a manner qualitatively antic-
ipated from rssults obtained eerlier with solubls polyester polyurethanes.
There 18 autocatalysis due to the ecid catalyzed hydrolysis. However, times
to -each specific acid contents are Longer because of the lower injtial
acid contsnt and, Less conclusively, also because of the Lower effective
rata constants for hydrolysis, Fig. 10 - 12 and Tabls V. An acid content of
8 x 1074 mol/g was obtained aftsr Long aging of the film with I/U squal to
055 at 85 °C and 25% AH. This is about the seme as obtained a8t equilibrium
with tns soluble polyester polyurethane ussd to make the model binder[4].
Highly crosslinksd model binders bacame soft and wesk at 85 °C even at 25%
RH but did not appear to crystallize when coolad to room temperature as did
the soluble polyester polyurethanes. Degraded model binder contains allo-
phanats branchis which may prevent crystallization. The presance of a
network that does not hydrolyze in the most highly crosslinked model did
not prevent sav.re deterioration of the physical propertiss. Thus the aging
results to date indicats that crosslinked polyester polyurethanas do not
have sufficisntly good pnysical properties at squil‘brivm to remain perman—
ently acceptable as binder layer for taps. Ths main uncertainty in this
conclusion is due to the lack of a complste set of data at othsr tempsra-
tures. Such data are being obtained,

4.3 Magnetic topes Tape binder appears to crosslink at humidities et which
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crosslinked polyester polyurethanes degrade. One explanation might be that
initial acid and alcohol concentrations in the binder are sufficiently high
to drive the reaction toward crosslinking. We can make an estimata of what
is required to do this. The relation governing equilibrium is(4]:

k(EJ{W] = Kk'[AJ(H] (7]
Here [E] and [W] are ester and water concantrations and the other quanti-
ties are as defined 3bove. Therefore, [A](4] at equilibriua is k[EI[W]/k'.
Values of (E]l, k[W], and k' are in Tables I and IV of referencel4l. From
them the product [AJ[H] is calculated to be 8.2 X 10~/ umla/g2 at equilib-
rium et 85°C and 25% RH. Consequently, [H] equals 8.2 X 1072 if [A] equals
10’5 mol/g. A ten—fold grsater acid concentration, which is twice the value
found for the binder of Tape 4, would require proportionately fewer alcohol
groups. Such concentrations seem impossibly large; pure butane diol, for
exampls, has a concentration of alcohol groups equal to about 2 X "tl"2
mol/g. Therefore, we think some process other than acid and alcoho. resct-
ing to give aster is required to explain the crosslinking observed by
Cuddihy at 0 and 15% RH[2]) and by us at 0, 15, and 30% AH.

Our original speculation was that the iron oxide accounted for c-oss—
linking. However, data in the previous rsport showed that 8 sampla cf the
kind of iron oxide used in tape ma~ufacture actually increased tha hydroly-
sis rate of the polyester polyurethana.

Finding that extracted sol absorbs at 2250 cm~) but that polyester
polyurethene does not, suggests that an additive which might causa the
crosslinking is present in the extract. Absorption between 2200 and 2300
cn ! is not very common. Isocyanats and carbodiimide are two possibilities
and eithar could cause crosslinking if multifunctional. However, isocyan~
ates raact with atmospheric moisture and the only polycarbodiimide we .e
axperience with absorts at 2170 cm'1. Therefore, such compounds seem to be
ruled out. '

The cause of the crosslinking is still not known.

Apparently tape Lifetime is Limited more by binder adhasion than by
the sol content of the binder. Bertram and Cuddihy raported that tapes with
more than 1.5% sol, based on the total taps weight, became difficult to
use(3]. Tepes 3, 4, and 6 have more sol than that before aging and they
parform well. Furthermore, the sol content of Tepe 4 does nct change much
on hydrolysis., Thus sol content does not appsar to be a useful quantity for
Lifetime prediction. Bindar adhasion has a large range, from more than 800
to about 2 N/m, with failure occurring somewhere batwean 13 and 50 N/m. The
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measured values are not very precise but the method probably can be im-

proved. Some error in the prediction is tolerable because tape is margin-
ally useful even after considerable loss of adhesion has occurred.

Our method of estiwating tape Lifetime wi'l involve measuring binder
adhesion after aging at different temperstures and humidities and correl-
ating the messurements with the ability of the tape transport to process
the tape. A decreass to some Level of binder adhesion will be defined as
ending tepe Life. Rates of decrease and tape Lifetimes will be known as
functions of tempsrature and humidity. Extrapolation by means of the
Arrhenius relation will give values under the desired conditions. This
approach is empirical but it ia probably tha best that can be done, given
the variation in tape characteristics.

5.0 Euture mork

Aging of PET at 55 and 35%C will continue. The main effort will ba to
improve the infra-red method. Soms work will be started to better under-
stand the deterioration of the coatings.

Aging of model binder will continue at 60 and 35°C. The main concern
will bs whether variations with temperature and humidity extrapolate so as
to change our conclusion that crosslinked polyester polyurethanes will
eventually hyurolyze to useless matarials at ambient conditions.

An attempt will be made to estimate the Lifetime of magnetic tapes as
outlined above. Experiments will be performed with extracts from tapes to
try to understand the crosslinking mechanism.

6.0 Conclusions

PET films as currently made for photographic and elactrographic use
should last more than 1000 years if stored at 20-25°C and 50% RH. The
lifatimes of the coatings, which tear the information, do not appear to be
that long and are unknown,

Magnetic tape Lifetime appears to be a function of binder adhesion. A
program has been suggested to base Lifetime Lrediction of magnetic tapes an
variations of binder adhesion with temperature and humidity.

Experiments with croselinked polyester polyurethanes indicates that
these materials will not stabilize at a tolerable extant of hydrolysis even

temperature, B5°9C. Experiments are continuing at other temperatures with
these materials.
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Material

Film base

Microfilm A

Microfilm B

Encapsulating
Film

Uncoated
Electrographic C

Coated Electro-
graphic C

Coated Electro-
graphic D
Subscripts:

Time
Days

0
586
1105

0
660
660"

11053
1105

0
660
660"

1105,
1105

0

660
1105

0

660
1105

0
650
1105
0
1040

Table I

T
MPa

204
190
165
200
163
167
166
165
193
175
172
m
187
177
145
151
116
110
110

167
150
140
201
177

E
4

144
128
106
126
100
96
90
85
122
116
102
88
99
80
83
73
185
142
5

105
78
68
99
70

PET Films at 55 °C and 100% RH

1040 A7 K
eq/g %/day
0. 35 -
0.4y 0.037
005”1 0-0391
0.31
0.32
0.37

0.57, 0.039;
0.41

0.681 0.0“61

0.48

0.34

i, From FTIR measurements; s, stripped of emulsion layer before aging.
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Acid Content, Elongation at Break and Absorbance Difference

Table II

in PET Aged in Boiling Water

Time Elongation
Days %
0 142
3 130
5.9 135
9.7 103
14.0 4o
17.0 Brittle
Superscripts:

CA]

10“ eq/g

0.36
0.45
0.55
0.73
1.05
1.4

AAbsf

OCOO0O0O0OO0OO
-

-
OO W
OWOUN W

1

AAbsg

OO OO0 O
-

N AW N

NDOOWOoN—=

(1) From spectra of three stacked films, each 0.004 inch thick.

(2) AAbs; = Absorbance at 3542 cm”!
(3) 8Ats; = Absorbance at 3256 cm™

minus that at 3717 cm™!l.
minus that at 3717 em™!'.




Table III

I/U s v Y T E
mol/ratio fr fr X ¢/pol M Pa %

0 1 - 0 63 1200

0.14 0.79 0.054 0.6 73 900

: .55 -0 0.38 42 45 370

1.1 130

Initial Properties of Polyurethane Films



Table IV

Elemental Composi:cion Change at 85 °C

I/v Time RH 10°[A]
mol/ratio Days ) mol, 3
0 0 - 1
0 48 100 80
1.1 0 - <1
1.1 57 100 53
1.1 113 50 52

A~ oW =

O — =2 O0v O




Table V

Recombination of Acid and Alcohol at 85 °C in Dry Polyurethane
(60 days except as indicated)

-(alAl/dt) = k'[AJ2([H,]+[A])

/U 106 H, 104 a, 1c4 a 1075 K
2 2,4%
mol ratio - ----=mcccceccoo-o Mmol/g===s===o~ecscmaaan g</mol,“d
0 100 5.1 1.9¢ 1.3
0 100 5.1 1.1% 1.1
0 100 2.3 1.1 3.1
0.14 86 1.9 1.2 2.2, 2.1
0.55 0.67 2.5 1.75 1.4, 0.9
1.3 2.2 6.6 1.1 6.6, 4.2
1.1 2.2 1.25 0.59 18, 8.2
1.1 2.2 0.62 0.29 73, 223

4) 68 d, ¥ 219 d, % 2nd value uses Hy = 10~4 mol/g
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Table VI

Characteristics of Unaged Magnetic Tape

Tape Binder Sol Binder Organic Sol in
Layer (BL) Contact Adhesion in BL Org BL
Wt wtd N/m ' wte Wt g
1 202 0.7 325 303 gl i
2 23 1.3 >800 24 24
3 32 2.4 150 25 30 .
y 24 4.6 >800 29 66
5A 28 0.7 >450 24 9.6
5B 1.0 35
6 2.6 160
; 1 N/m = 1,02 g/cm

Not including the back coat that is 6% of the tape weight.
3 Oxide binder only
Assuming half the tack coat is carbon.
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FIG. 1 INFRA-RED SPECTRA OF PET AFTER AGING IN BOILING WATER.
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FI6. 2 INFRA-RED SPECTRA OF PET AFTER AGING IN BOILING WATER
8~CH"! RESOLUTION. CURVES LABELED WITH AGING TIME IN DAYS,
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FIG. 3 CHANGE IN [A] VS CHANGE IN AABS

O, AT 3542 CH"). LINE: CAJ=1.69(a(aABS))-0.09
0,— —AT 3256 CH™'. LINE: [AJ=2.11(a(ahB$))-0.01

12

10 ACAY, MOL/G

8.2 2.3 0.4 85 3.6 8.7

A (MABS)
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FIG. 4 FTIR SPECTRA OF URETHANE FILMS.
UNAGED:1.1/U=0, 1=0.012 CM; 2. I/U=0.14, |=0.013 CM;
3. I/U=0.55, 1=0.015 CM. AGED AT 85°C: 4. I/U=0.14,
1=0.018 CM, 25% RH, SO DAYS; S. I/U=0.55, 1=0.015 CM,
254 RH, 59 DAYS; 6. MULTIPLY ABSORBANCE BY 2, I/U=
0.55, [=0.015 CM, 50% RH, 87 DAYS.
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F1C. 5

Color Development in Crosslinked Polyurethane,
(r/U) = 1.1, at 85 oC

Unaged
Dry N2 Dry Air Wet Air H20 Vapor Days

18.7

38.7

~ 1 56.7
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RELATIVE T AND E

FIG. 6 T AND E RELATIVE TQ INITIAL VALUES
VS. DAYS AT 85 C AND 100% PH
T, UNSHADED SYMBOLS AND ’
E SHADED SYMBOLS AND
qa , AI/U =0; + *I/Uf-’O 14; O, II/U-
0.55 ‘I/U=
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RELATIVE T AND E
~—

A

144 160 189

8@ 282 43 6 8 109 129
DAYS

FIG. 7

T AND E RELATIVE TO INITIAL VALUES
VS. DAYS AT 85 C AND 2S% RH
T . UNSHADED,=—: E. SHADED j——
A.,A, I/U=0;+ &, I/U=0.14;
D.®, I/U=0.S5;0 .6 . I/U=1.|
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(A). (mol/g)x10°

0. L ] 1
0 30 60 90 120

A (A Abs/1).cm™}

Fig. ? Acid content ve. incresss inAlsbsorbence/film thickness)
auring aging,

1/U=0:X,unaced; 3 ,35C, 25% AH; <), 60C, 100%RH. 1/U=0.14:
J,8,2; 85C, 100, 50, 25% RH; O, 60C, 100%RH, 1/U=0.55:
o.'p: 85C, 100, 50% AH. Line: [Al=0.013xA(AAbl/l).
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TAPE EXTRACT AFTER AGING AT 68 C AND {uB% RH
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FIG. 17
STRIPPING PATTERNS OF BINDER LAYER

TAPE
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FIG 18 BINDER ADHESION AFTER AGING AT 60 C AND 308% RH
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Aging studies with poly(ethylene terephthalata) fitm base indicate the Life~
time is equal to about 1000 years if the material is stored at 20-25°C and 50%
relative humidity. Concentration changes cof acid and alcohol groups that occur as
a result of aging have been measured by infrared analysis. Rate constants calcu-
lated by this method agree reasonably well with those calculated from acid con-
. tents determined by titration.
Crosslinked polyester polyurethanes were prepared as models of the binder of

more slowly than ordinary polyester polyursthanee. Samples aged at 85%C et 100,
50, and 25% relative humidity eventually deterioreted greatly in a physical sense.
Magnetic tapes were aged and messurements made of the sol content of the
bindar and its adhesion to the polyester base. The lLatter quantity appears to be a -

more valuable indicator of tape condition than sol content. Values of bhinder
adhesion of six brands of magnetic tape initially varied hetween 800 and 35 N/m

(or g/cm). Binder adhesion in aged tapes was less the higher the tempsrature and
humidity of aging., A tape transport had difficulty processing tape with velues of
binder adhasion as Low as 10 N/m. There was no problem at 25 N/m. It is antici~
pated thet the Lifetima of magnetic tapes can te predicted by measuremsnts of 1
binder adhasion,
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