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ABSTRACT: Viscoelastic characteristics of magnetic tapes
with poly(ethylene naphthalate) substrates were studied
using experimental techniques. Measurements were made
using samples cut from commercially available tapes, and
solvents were used to remove front and/or back coat layers
to obtain substrates and dual-layer samples. Experimental
results allowed for fundamental compliance and viscosity
parameters to be determined using a Kelvin-Voigt model.
Rates of creep-compliance were also predicted, and compar-
isons were made with results for tapes that used poly(ethyl-
ene terephthalate) and aromatic poly(amide) substrates.

Dynamic mechanical analysis (DMA) was used to help
make correlations between viscous characteristics measured
from the creep-compliance results and molecular characteris-
tics of the substrates. Time-temperature superposition (TTS)
was used to predict creep-compliance over extended time
periods, and a rule-of-mixtures method was used to predict
the compliance of constitutive layers. © 2008 Wiley Periodicals,
Inc. ] Appl Polym Sci 111: 899-916, 2009

Key words: creep; polyesters; viscoelastic properties;
magnetic tapes; poly(ethylene naphthalate)

INTRODUCTION

Materials used to make digital magnetic tapes must
be dimensionally stable to meet archival storage
requirements. Users must be able to retrieve the in-
formation stored on these tapes, and typical specifi-
cations call for a 30+ year storage life. Since both
temperature and humidity can affect the life of a
tape, manufacturers recommend specific storage
environments for their products. For example, a typ-
ical environment for the storage of tapes manufac-
tured to the linear tape open (LTO) format is 16—
32°C with a 20-80% relative humidity.! Because of
these requirements, it is important to understand the
properties and characteristics of the materials that
comprise a magnetic tape through fundamental and
applied research.

As an additional challenge, magnetic tape devel-
opment needs to keep pace with challenges facing
the storage industry as a whole. Competition with
hard-disk drive manufacturers requires tape capacity
to double approximately every two years, and tape
manufacturers have developed roadmaps to meet
this challenge.”> Traditionally, manufacturers have
made tapes and substrates thinner to increase the
amount of tape that can be stored in a reel.
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Although this trend has continued, tape thickness is
projected to decrease less over the next decade.
However, other challenges must be met such as the
increase in track density across the width of the tape
measured as tracks-per-inch or TPL As historical
examples, 80 TPI was achieved in 1990 with the lin-
ear IBM 3490 tape, 256 TPI was achieved with the
linear Quantum DLT 4000 tape in 1994, and LTO1
tapes had 923 TPI in 2000. Since that time, LTO2,
LTO3, and LTO4 tapes have been released in 2002,
2004, and 2007 with TPIs of 1270, 1776, and 2228,
respectively. Other linear tapes released in the 2004
to 2006 time frame include the Quantum SDLT-II
and Sun/STK T10000 tapes used in this research.
These tapes had increased TPIs of 1490 and 1870
when compared to their predecessors. Other tapes
with high TPI values released in late 2005 and 2006
include the Quantum SDLT-S4 and IBM TS1120 with
TPIs of 2988 and 2290, respectively. Lastly, helical
tapes for data storage have achieved even higher
TPI's such as Sony’s AIT-1 tape in 1996 with a TPI
of 2300, and the current SAIT-2 with a TPI of 5800.>

The increase in TPI is a challenge, because the 16
or 32 channel heads currently in use in linear drives
must be able to read information from the tapes,
which are comprised of viscoelastic materials that
undergo complex stress states when they are stored
in a reel and used in a drive.* This causes the tape
to stretch, and expand or contract circumferentially,
tangentially, and radially when it is stored in the
reel. Such dimensional instabilities can render the
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Figure 1 Schematic view of a creep tester for evaluating
the creep behavior of magnetic tape materials.

tape unreadable after archival storage. Measuring
and predicting these instabilities is a challenge due
to the complexities of the tape itself, which can be
considered to be a multilayer composite consisting
of a front coat (magnetic + nonmagnetic layer), sub-
strate, and back coat. Each of these layers contrib-
utes to the viscoelastic characteristics and associated
dimensional instabilities of the tape.

As outlined in the experimental procedure, well-
established methods were used in this study to
determine the viscoelastic characteristics for mag-
netic particle (MP) tapes that use a poly(ethylene
naphthalate) or PEN substrate. To assist with
archival life predictions, experiments were not only
performed using the MP-PEN tapes, but additional
experiments were also performed with the substrates
used for these tapes as well as specially prepared
dual-layer samples. Part of this procedure included
determining the fundamental compliance and viscos-
ity parameters using results from custom creep-com-
pliance experiments. These parameters describe the
viscoelastic characteristics of the tape materials, and
can be used in models to predict behavior of the
tape when it is stored in a reel.”® In addition, the
parameters can be used to predict the rate of creep-
compliance.” Time-temperature superposition (TTS)
together with a rule-of-mixtures method can also be
used to predict creep-compliance over extended
time periods for the constitutive layers of the tape as
well as the tape itself.”® Comparisons will be made
with an MP tape that uses a poly(ethylene tereph-
thalate) or PET substrate, and a tape with a metal-
evaporated (ME) magnetic layer that uses an aro-
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matic poly(amide) or Aramid substrate. Results from
dynamic mechanical analysis (DMA) of the MP-PEN
tapes will help determine relationships between the
viscoelastic characteristics of the substrate materials
and their molecular characteristics.

Experimental and analytical procedure

Creep experiments were performed with a custom-
built apparatus housed in a temperature-controlled
incubator. A schematic of this test apparatus is
shown in Figure 1. Humidity was controlled by
using desiccant in the test chamber at low tempera-
tures (30°C); at high temperatures (50 and 70°C) the
chamber dries-out and the humidity was less than
1%. Test samples that were typically 330-400 mm
long were evaluated. The samples had 200 mm long
test sections, and were 12.7-mm wide. Environmen-
tal conditions were monitored using a hygrometer
and temperature sensor, and the test apparatus uti-
lized linear wvariable differential transformers
(LVDT’s) connected to a LabView-based 16-bit A/D
system to measure extension or contraction of the
samples. The experiments were performed at a
7.0 MPa stress level that corresponds with typical
drive tensions.

An outline of the experimental procedure and an-
alytical techniques used to acquire and process data
from the custom creep apparatus is described in Ta-
ble 1. Other articles by Weick® and Weick and
Bhushan®® provide a thorough description of these
techniques, and will only be described briefly and
expanded-upon as necessary in this article.

TABLE I
Outline of Experimental and Analytical Procedure

Perform creep-compliance experiments at 30, 50, and 70°C for
50 to 100+ h. At least three repeats are performed at each
temperature level

Use four different types of samples: (1) Tape, (2) Front coat
and substrate, (3) Substrate and back coat, and (4) Substrate
only. Layers are removed using methyl ethyl ketone (MEK)

Calculate time-dependent creep-compliance D(t) and initial
creep-compliance D, from repeat experiments at each tem-
perature level

Curve fit data to the Kelvin-Voigt viscoelastic model using a
Levenburg-Marquardt algorithm to determine and analyze
viscoelastic properties

Use time-temperature superposition to predict creep-compli-
ance for extended time periods (>100 years) at a reference
temperature of 30°C

Use a rule-of-mixtures approach to predict creep-compliance
for the front and back coats

Predict rate of creep-compliance using curve fit parameters.
This rate of creep-compliance can be referred to as creep
velocity

Compare results with known properties and characteristics of
the constitutive tape materials to gain a more fundamental
understanding of the dimensional stability of the materials
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TABLE II
Magnetic Tape Specifications

LTO2 LTO3

T10000 MP-PET ME-Aramid

Tape manufacturer and

IBM TotalStorage Ultrium Sun/STK  Quantum

Sony AIT-3 Tape Cartridge

trade name Data Cartridge T10000 Super
Tape DLTtape II Media
Cartridge
Native capacity (GB) 200 400 500 300 100
Compressed capacity (GB) 400 800 1000 600 260
Substrate material PEN: poly(ethylene naphthalate) PET: poly(ethylene Aramid:
terephthalate) aromatic polyamide
Magnetic layer MP: magnetic particle ME: metal-evaporated
Tape width (mm) 12.65 8.0
Track density (tracks-per-Inch, TPI) 1270 1776 1870 1490 4600
Track pitch (um) 20.0 14.3 13.6 17.1 55
Track pitch divided by tape 1595 1130 1074 1348 690
width (um/m)
Nominal tape thickness (um) 8.9 8.0 6.5 8.0 53
Measured tape thickness (um) 8.46 7.87 6.55 - -
Measured substrate thickness (um) 6.12 6.04 5.13 - 4.5 (nominal)
Meas. front coat and substrate thick (um) 8.13 7.37 6.15 - -
Meas. substrate and back coat thick (um) 6.58 6.48 5.54 - -
Calculated front coat thickness (um) 2.01 1.33 1.02 - -
Calculated back coat thickness (um) 0.46 0.44 0.41 - -

Thickness measurements made with a Mahr gage accurate to +25.4 nm.

Table II provides specifications for the magnetic
tapes used in this study. The primary focus was on
MP tapes with PEN substrates, which are referred to
as MP-PEN tapes. Therefore, the properties and char-
acteristics of LTO2, LTO3, and T10000 MP-PEN tapes
were evaluated, and these tapes reflect the increasing
storage capacity trend from 2002 to 2006 as well as
the increase in TPL. In addition, these MP tapes
decreased in thickness from 8.9 pum for LTO2, to
8.0 um for LTO3, and 6.5 pm for T10000. Further-
more, the PEN substrates used for these three tapes
decreased in thickness from 6.12 to 6.04, and 5.13 um,
respectively. Front coat and back coat thicknesses also
decreased as shown in Table II. Specifications and
thicknesses are also included for a Quantum SDLT-II
tape made with a PET substrate as well as a Sony
AIT-3 tape made with an Aramid substrate. The
Quantum tape has an MP coating and will be
referred to as an MP-PET tape. The Sony tape has an
ME coating and will be referred to as an ME-Aramid
tape. Experiments performed with these tapes have
been discussed by Weick,” and will be used to make
comparisons with the MP-PEN tapes (LTO2, LTO3,
and T10000) that are the focus of the study.

Viscoelastic analysis method

As outlined in Table I, creep-compliance experi-
ments were performed at elevated temperatures
using samples of magnetic tape materials. Using out-
put from the LVDT’s, the creep strain, &(t), can be

determined as well as the creep-compliance, D(t), as
the initial steps in the viscoelastic analysis.

o(t) = 1)
Dt) = Sc(fo) - Agl(f ) )

Al(t) is the change in length of the test specimen as a
function of time, [, is the original length of the test
specimen, &(t) is the amount of strain the film is sub-
jected to, o, is the constant applied stress, and D(t)
is the tensile creep-compliance of the test specimen
as a function of time.

Creep-compliance data for the test specimens are
modeled using a generalized Kelvin-Voigt visco-
elastic model, which has the following mathematical
form:

K
D(t) = Do+ > Di[l — exp(—t/w)] ©)
k=1
D, D, Dy
D,
M Lp) Mk

Figure 2 The Kelvin-Voigt model used to express the
elastic and viscous characteristics of polymeric materials.
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where, D, is the instantaneous compliance at time
t = 0, D is the discrete compliance term, and t; is
the discrete retardation time for each Kelvin-Voigt
element.

Equation (3) is typically represented as a series of
parallel springs and dashpots connected to a single
spring. This mechanical analog is shown in Figure 2,
and is indicative of a viscoelastic polymer which has
an amorphous phase with mainly unoriented mole-
cules, and a crystalline phase which contains ori-
ented molecules. Components of the polymeric
structure which respond instantly to an applied
stress are modeled as a single spring with an instan-
taneous compliance D,. Components of the poly-
meric structure which do not respond instantly but
are deformed in a time-dependent manner are mod-
eled as multiple elements consisting of springs and
dashpots acting in parallel. Each element contains a
spring which has a compliance Dy, and a dashpot
with a viscosity equal to 1. The retardation time for
each k™ element is defined below:

T = M Dk 4)

Experimental data sets are fitted to eq. (3) using a
nonlinear least-squares technique known as the Lev-
enberg-Marquardt method.'® This method is used to
find the best-fit parameters 1, and Dy for a Kelvin-
Voigt model with multiple elements. Previous work
by Weick and Bhushan®’ to determine the visco-
elastic characteristics of alternative polymeric sub-
strates used for magnetic tapes showed that two to
three elements are typically required for a reasona-
ble fit.

Figure 3 shows examples of how two-term and
three-term curve fits can be applied to LTO3 tape
data. Raw data from the 50°C experiments are
shown in gray, and variation in the data is due to
the +0.1°C temperature cycling in the chamber. Both
the two-term and three-term curve fits are shown.
Figure 3 shows the raw data and curve fits on linear
and log scales. For time periods less than 10 h, the
two-term and three-term curve fits work equally as
well. Note the similarity between the compliance, re-
tardation time, and viscosity terms for the first two
Kelvin-Voigt elements. However, the three-term
model is a better fit for the data during the 10-100 h
time period as shown in Figure 3. Note that the first
and second sets of viscoelastic parameters (Dj, Ty,
D,, 1) are all positive. This makes the derived vis-
cosity terms (ny, Mp) positive. In comparison, Dj is
negative and T3 is positive for the third set of param-
eters, which makes mj3 negative. The difference in
signs can be attributed to the decrease in creep-com-
pliance after ~ 10 h. Characteristics of the substrate
appear to control this behavior, and will be dis-
cussed along with viscoelastic parameters at other
temperatures for the three MP-PEN tapes studied.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Example of curve fit using a two-term versus a
three-term Kelvin-Voigt model.

The rate of creep-compliance or “creep velocity” is
indicated by the slope of the creep-compliance
curve. Using the first derivative of the Kelvin-Voigt
model and the curve fit parameters D, and 714, the
creep velocity can be calculated for each tape sample
as a function of time.

O =5 Peexp(-t/w) (5)

K. D,
=1
where dD(t)/dt is the creep velocity in GPa™'/h.

TTS has been used in past research to predict lon%—
term creep behavior at ambient temperature.” >
This analytical technique utilizes creep measurements
at elevated temperature levels to predict behavior at
longer time periods. In this research, data sets
acquired at 30, 50, and 70°C are superimposed at a
reference temperature of 30°C to determine long-term
creep behavior over an extended time period. The ra-
tionale for this methodology stems from the observa-
tion that most polymers will behave in the same
compliant manner at a particular high temperature as
they will when they are deformed at a particular
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slow rate at room temperature. This means that there
is a correspondence between time (or rate of defor-
mation) and temperature.

By performing experiments with specially pre-
pared dual layer samples, a rule of mixtures
method can be used to determine viscoelastic prop-
erties of the front coat (magnetic and nonmagnetic
layer), substrate, and back coat.’® The procedure
calls for the magnetic tape to be modeled as a mul-
tiple layer polymer composite laminate as shown in
Figure 4.

Using the equation shown below, the creep-com-
pliance of the front coat can be determined if data
are available from creep-compliance experiments
t— tape performed using a front coat substrate material and
the substrate only. See Figure 4 for nomenclature.

l—

Front Coat

Substrate

d—u—}‘

Back Coat

—» O |€— — o
«— =

Subscripts

a, b, c — front coat, substrate, back coat

ab — combined front coat and substrate

— i 71
bec — combined substrate and back coat Dy(t) = K&l +b)< 1 ) B (?)( 1 ﬂ (6a)

Figure 4 Nomenclature used to describe tape layers.
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Figure 5 Creep-compliance curves for MP-PEN tapes, substrates, and dual-layer front coat substrate and back coat sub-
strate samples. Curve fits are shown after fitting the data sets to the Kelvin-Voigt model.
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TABLE III
Average Initial Creep-Compliance Values (D,) and Standard Deviations Calculated Using Three Repeat Experiments

Log(Initial Creep-Compliance (D,), 1/GPa)

LTO-2 LTO-3 T10000
Average Std. Dev. Average Std. Dev. Average Std. Dev.
30°C Tape —0.575 0.070 —0.631 0.016 —0.604 0.061
FC + Subs —0.566 - —0.685 0.014 —0.594 0.070
Subs + BC —0.561 - —0.735 0.029 —-0.730 0.033
Substrate —0.606 0.032 —0.657 0.059 —0.626 0.079
50°C Tape —0.549 0.037 —0.564 0.027 —0.560 0.047
FC + Subs —0.548 - —0.659 0.009 —0.556 0.065
Subs + BC —0.535 - —-0.715 0.018 —0.742 0.006
Substrate —0.598 0.011 —0.561 0.056 —0.587 0.028
70°C Tape —0.512 0.075 —0.495 0.016 —0.547 0.030
FC + Subs —0.412 - —0.610 0.041 —0.568 0.023
Subs + BC —0.511 - —0.621 0.016 —0.674 0.009
Substrate —0.505 0.005 —0.575 0.014 —0.569 0.020

Average initial values calculated 20 s after start of loading period.

Similarly, the creep-compliance of the back coat can
be determined if data are available from creep-com-
pliance experiments performed using a substrate +
back coat material and the substrate only.

o= ate)- Q)]

Once the creep-compliances of the front coat and
back coat have been determined using eqgs. (6a) and
(6b), the creep-compliance for a complete tape can
be predicted using eq. (6¢).

Pile) = E (Df(t) * Dfa) * Dit)ﬂ w0

Data sets determined using eq. (6c) for a complete
tape utilize creep-compliance data for the front coat,
substrate, and back coat from three separate experi-
ments. To verify this technique, the data sets deter-
mined using eq. (6c) can be compared with actual
measured data sets for a magnetic tape.

RESULTS AND DISCUSSION

Creep-compliance characteristics for PEN-based
tapes

Results from experiments performed at 30, 50, and
70°C are shown in Figure 5. These results are for
three types of MP-PEN tapes including LTO-2, LTO-
3, and T10000 tapes. Four types of samples were
prepared for each tape at each temperature: (1) tape
as-cut from the cartridge, (2) front coat substrate
with the back coat removed, (3) substrate back coat
with the front coat removed, and (4) substrate with
front and back coat removed. Initial creep-complian-
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ces, D,, are listed in Table IIl for the experiments
shown in Figure 5. Note that standard deviations are
included for LTO-3 and T10000, because repeat
experiments were performed at each temperature for
these tape samples. Only D, values are included for
LTO-2, and these results are from past work
described by Weick®. The methodology and rationale
for determining the average initial creep-complian-
ces is also described by Weick® along with a thor-
ough description of the results for the LTO-2
samples. As expected, higher temperatures lead to
higher average creep-compliances, which is shown
in Figure 5 and Table III.

The trend lines shown in Figure 5 represent curve
fits using the Kelvin-Voigt model, eq. (3). As
described previously, six parameters are typically
needed for the curve fits including D, 11, Da, 12, D3,
and t3. The viscosity terms (n;, m2, and mj3) are
derived quantities as shown in eq. (4). Figures 6 and
7 are plots of the compliance and viscosity terms for
LTO3 and T10000 samples as a function of the tem-
perature levels at which the experiments were per-
formed. (Curve fits for the LTO2 samples were
performed, but are inconclusive because of the lack
of repeat experiments performed for these samples.?)
Compliance terms shown in Figure 6 correspond
with the springs in the Kelvin-Voigt model, and
indicate how the samples respond to the applied
stress in a manner that stores and releases energy in
a recoverable manner. The viscosity terms shown in
Figure 7 correspond with the dashpots in the Kel-
vin-Voigt model, and indicate how the samples
respond to the applied stress in a manner that dissi-
pates energy in a nonrecoverable manner.

From Figure 6, as the temperature increases, the
first two compliance terms D; and D, tend to
increase for the samples, although there does appear
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to be a decrease in D; for the LTO3 substrate back
coat and substrate samples. Furthermore, D, tends
to be higher than D; for the tape and front coat sub-
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strate samples at the 50 and 70°C temperatures,
whereas D, tends to be lower or similar to D; for
the substrate back coat and substrate samples at
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30°C. This indicates that the increasing compliance
of the elastomeric binder for the front coat at ele-
vated temperatures could play more of a role in
recoverable dimensional changes in the tape. The Dj
terms shown in the separate graphs in Figure 6 are
more difficult to interpret. A highly positive D3 com-
pliance term is present at 50°C for the LTO3 sub-
strate sample, whereas highly negative Dj
compliance terms are present at 50°C for the LTO3
tape and dual-layer samples. D3 results for the
T10000 samples appear to be less variable. From Fig-
ures 3 and 5, the D3 compliance terms correspond
with the peaks and roll-off observed in the creep-
compliance data at 50 and 70°C after 10 h. Note that
the retardation times, 14, are functions of the compli-
ance and viscosity terms, Dy and ny as shown in eq.
(4). Therefore, high values of either Dy or mn in the
Kelvin-Voigt model can cause the exponential terms,
exp(—t/1), to tend to be 1, which makes [1 -
exp(—t/1)] close to zero. This appears to be the case
for the third term of the Kelvin-Voigt model, with
high values of D; or m3 playing a subtle role in
determining the shape of the creep-compliance
curves during the longer time periods.

As shown in Figure 7, the initial viscosity terms,
My, are negligible regardless of temperature. This
supports the notion that the tape responds initially
in a recoverable, compliant manner. (Note that the
initial compliance terms, D, in Figure 6 are low, but
not negligible compared to the other compliance
terms.) However, the second viscosity terms, n,, are
significantly higher. For LTO3, peak values of m,
occur at 50°C when compared to the 30 and 70°C
values. For T10000, the m, values tend to decrease
with an increase in temperature, although the front
coat and substrate sample appears to reach a peak at
50°C. For LTO3 the samples are behaving in a more
viscous manner at 50°C, and T10000 samples are
generally behaving in a more viscous manner at
30°C. This corresponds with more energy dissipation
and nonrecoverable deformation. For LTO3, since all
the samples include the substrate, and the substrate
behaves in a manner that is similar to the other sam-
ples, it is reasonable to state that the 50°C peak in n,
is related to substrate behavior. Note that all the m3
values are high on a negative or positive scale,
which is why logs of the absolute values of the ns
values are plotted in Figure 7. As was observed for
the n, terms, peaks in the third viscosity terms, ns,
are also observed at 50°C for LTO3, although these
terms are negative as indicated by the (-) sign
underneath the data points in the semi-log plots.
T10000 samples also tend to show these relative
peaks at 50°C for substrate and back coat and sub-
strate samples, but the front coat appears to play a
role in causing the relative increase in viscosity at
70°C. For both LTO3 and T10000, the tape and front
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coat substrate samples show similar trends for nj;
values, and the n3 values for the substrate back coat
trends are similar to those for the substrate. How-
ever, as was stated for the compliance terms, high
viscosity values also cause the [1 — exp (—t/7)] term
to be close to zero, and the affect of the third term
of the Kelvin Voigt model can only be seen in the
log scale plots at longer time periods as shown in
Figure 3.

Creep velocity of PEN-based tapes

Although some information about the rate of creep-
compliance (creep velocity) can be gathered through
visual examination of the curves shown in Figure 5,
it is more informative to graph the creep velocity as
demonstrated in Figure 8 for LTO-3 samples at 50°C.
Three D, and three t;, values from the curve fit of
the creep-compliance data were used in the first de-
rivative of the Kelvin-Voigt equation, eq. (5), to gen-
erate the creep velocity curves shown in Figure 8.
The upper graph of Figure 8 shows a stepwise
decrease in the creep velocity out to 15 to 25 h for
the four LTO3 samples. This stepwise decrease is
because of the use of the multiple curve fit values.
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Since a log scale was used to plot the data, only pos-
itive rates of creep-compliance could be plotted out
to the 15-25 h time periods. Past these time periods,
the slope of the creep-compliance curves is negative.
As a result, absolute values of the creep velocities
were determined, which allowed the final time peri-
ods to be plotted in the lower graph of Figure 8.

The decreasing trend to the creep velocity for PEN
substrates has been noted in past research,” and this
appears to be reflected in the rates for the tape and
dual-layer samples shown in Figure 8. However, it
is interesting to note that the rates of creep-compli-
ance for the tape and front coat substrate follow a
similar trend, which shows that the compliance char-
acteristics of the front coat play an important role in
determining the creep-compliance of the tape in
addition to the role of the substrate. The rates of
creep-compliance for the substrate and substrate
back coat samples also follow a similar trend, which
shows the role of the substrate in determining the
creep-compliance of the substrate back coat sample.

A closer examination of Figure 8 can provide
more information about the viscoelastic characteris-
tics of the tape and its constitutive layers. Initially,
the rate of creep-compliance for the substrate is
higher than the rates for the other samples, and this
trend continues for the first 0.1 h, with lower rates
for the tape, front coat substrate, and substrate back
coat, respectively. After ~ 0.1 h, the rate of compli-
ance for the tape tends to equal or exceed that of the
substrate. After ~ 4 h the tape and front coat sub-
strate samples appear to always have higher rates of
creep-compliance than the substrate and substrate
back coat samples.

When the creep velocity goes through the reversal
from positive to negative during the final time peri-
ods, there appears to be a rapid decrease in creep
velocity after which a steady-state creep velocity is
reached as shown by the horizontal lines in Figure 8
for time periods greater than 25 h. Similar character-
istics were observed for all types of MP-PEN sam-
ples at 50 and 70°C during the final time periods,
which indicate that the PEN substrate characteristics
play an important role.

It is informative to compare creep velocities for all
the MP-PEN tapes evaluated in this study and also
compare them with creep velocities determined for
MP-PET and ME-Aramid samples evaluated in past
research. As shown in Figure 9, all MP-PEN tapes
(LTO-2, LTO-3, and T10000) show similar decreasing
trends at 50°C. Creep velocities in later time periods
do show some possible differences between the three
MP-PEN tapes, although these appear to be related
to the times at which the lowest creep velocities are
reached. Note that LTO-3 shows the creep-velocity
reversal from a positive to negative slope, which
was not observed at time periods less than 100 h for
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Figure 9 Rate of creep-compliance for MP-PEN tapes
compared with compliance rates for MP-PET and ME-Ara-
mid tapes.

the other MP-PEN samples at 50°C. However, these
creep-velocity reversals are prevalent at 70°C.

The MP-PET and ME-Aramid tapes show lower
overall creep velocities during the initial time peri-
ods when compared to the MP-PEN tapes. The MP-
PET tape behaves in a manner that is similar to the
MP-PEN tapes during the middle of the time period
shown in Figure 9. After a log time of ~ 1.4 (25 h),
the MP-PET tape appears to reach a steady-state
creep-velocity. The ME-Aramid experiences the
same type of behavior, and also reaches a steady-
state creep velocity after a log time of ~ 1.2 (16 h).
Note that the ME-Aramid tape also shows a lower
overall creep-velocity than the MP-PET tape after a
log time of —1 (0.1 h). In comparison, the MP-PEN
tapes show a decreasing trend to their creep veloc-
ities that continues to decrease after a log time of 1
(10 h). Similar results were discussed in past
research by Weick and Bhushan® for experiments
performed with PEN, PET, and ME-Aramid sub-
strate samples cut from wide-stock film.

Figure 10 shows creep velocity results for all the
MP-PEN samples at 30, 50, and 70°C. Results are
shown for the tape, front coat substrate, substrate
back coat, and substrate samples cut from LTO-2,
LTO-3, and T10000 tapes. The graphs show an over-
all similarity between the creep velocities, and only
an overlay at specific temperatures as shown in Fig-
ure 8 reveals the similarity between tape and front
coat substrate creep velocities as well as the similar-
ity between the substrate and substrate back coat
creep velocities. Furthermore, there is a general
tendency for the lowest creep velocities to be
reached after longer time periods for 30°C when
compared to 50°C and 70°C. The substrate behavior
appears to govern the similarity between the differ-
ent types of samples since it is the common element
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Figure 10 Rate of creep-compliance for MP-PEN tape samples at 30, 50, and 70°C.

in all samples. Note that the reversal in creep-veloc-
ity depicted in Figure 8 from positive to negative
was typically observed at 70°C, and to a lesser
extent at 50°C.

DMA of PEN substrates

To help understand the viscoelastic behavior of the
PEN substrates used for the LTO-3 and T10000
tapes, an experimental technique known as DMA
was utilized. This technique is sometimes referred to
as Dynamic Mechanical Thermal Analysis, and sub-
jects small samples of thin polymer films to dynamic
stress—strain conditions in a temperature-controlled
test apparatus.'?> When the polymer film samples are
subjected to a sinusoidal strain, &(t), the sinusoidal
stress, o(t), measured on the sample reaches peak
values at slightly later time periods. This is depicted
in Figure 11, and the time lag, At, is due to the spe-
cific viscoelastic characteristics of the polymer film
being tested. As shown in eq. (7), a corresponding
phase angle shift can be calculated using the fre-
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quency of the sinusoidal strain used for the
experiment.

o = (2nf)At (7)
where, § is the phase angle shift, f is the test fre-
quency, and At is the time lag between the strain
and stress. Using this information, the storage mod-
ulus, E’, loss modulus, E”, complex modulus, E¥
and loss tangent, tan(5) can be calculated using egs.

(8a—d).

At o)

RSN/

Figure 11 Schematic drawing of sinusoidal strain and
stress signals from dynamic mechanical analysis.
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E' = cos(d) E} (8a)
E" = sin(d) E} (8b)
| = /()2 () (80
tan(d) = Ié—lll (8d)

The storage (or elastic) modulus, E’, is a measure
of the component of the complex modulus, E¥
which is in-phase with the applied strain, and the
loss (or viscous) modulus, E”, is a measure of the
component which is out-of-phase with the applied
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strain. The in-phase stress and strain results in elasti-
cally stored energy that is completely recoverable,
whereas out-of-phase stress and strain results in the
dissipation of energy that is nonrecoverable and lost
to the system. The loss tangent, tan(d), is simply the
ratio of the loss (or viscous) modulus to the storage
(or elastic) modulus.'?

Figure 12 shows storage modulus, loss modulus,
and loss tangent results for the PEN substrates used
for LTO-3, T10000, and LTO-4 tapes. (Note that the
creep experiments were performed for LTO-2, LTO-
3, and T10000, but these experiments could not be
performed for LTO-4 in time for inclusion in this
publication due to the extended period of time it
takes to perform the creep experiments. However, it
was felt that DMA results for LTO-4 could be per-
formed in time for this publication, and should be
included to lend insight into the dimensional stabil-
ity of this recent generation of LTO tape.) In general,
the storage modulus shown in Figure 12 is high at
low temperatures, and decreases in a nonlinear man-
ner as temperature increases. This decrease in the
elastic character of the substrates corresponds with
the general increase in compliance with temperature
shown in Figure 5. From Figure 12, the loss modulus
for the PEN substrates is initially low at tempera-
tures below 0°C, but increases above this tempera-
ture and reaches the B* peak at approximately 50°C.
(The asterisk is used to distinguish the B* peak at
~50°C from the P peak that occurs at approximately
—70°C."%) After reaching the B* peak, the loss modu-
lus decreases to a relative minimum, and then
increases to another peak labeled o at 130°C before
decreasing significantly at higher temperatures. The
B* peak is attenuated and the o peak is amplified
when the loss tangent is calculated using the ratio of
the loss and storage moduli. Furthermore, the peaks
are shifted to the right with the o peak appearing to
shift more than the f* peak. The loss tangent o peak
occurs at ~ 160°C, and is a measure of the glass
transition. Above this temperature, long-range
motion of the polymer chains occurs in the glassy
regions of the PEN substrates.

Because the loss modulus corresponds with the
viscous character of the substrate, it is interesting to
note that at 50°C, the P* peak in Figure 12 corre-
sponds with the peak in the m, viscosity term at
50°C determined from LTO3 creep experiments as
shown in Figure 7. Recall that the D, and n, terms
describe the intermediate range for the creep-compli-
ance behavior, whereas D; and m; describe the initial
behavior, and D3 and ms describe the behavior at
longer time periods. m; terms are small relative to
the n, terms, and the large magnitude of the Dj
and nz terms render the [1 — exp(—t/1)] term in the
Kelvin-Voigt model to be small. However, the
relative peaks in the 13 terms for the substrate and
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Figure 13 Schematic drawing of PEN macromolecules showing cis and trans conformations.

substrate back coat samples also lends support to
the relationship between the wide p* peak at 50°C.

The B* peak in the DMA loss modulus at 50°C
and associated peak in the m, viscosity from the
creep experiments at 50°C indicate that there is an
increase in energy dissipation and nonrecoverable
deformation of the PEN polymer, although it should
be understood that the DMA experiments were per-
formed at 10 Hz with a controlled strain amplitude,
whereas the creep experiments utilized the applica-
tion of a constant stress resulting in a time-depend-
ent creep strain. The 50°C temperature is an upper
design temperature for magnetic tapes, and even
when stored at lower temperatures, the behavior
observed at 50°C can occur after longer time periods
due to the viscoelastic characteristics of the PEN
polymer. As a result, it is important to gain some
insight into this behavior at 50°C, since a more thor-
ough understanding would help with the design of
future PEN-based tapes, which would require
enhanced dimensional stability due to the need for
increases in track density referred to in the
Introduction.

Canadas et al.'> have noted that the p* peak is not
present in PET, which suggests that the presence of
this peak in the PEN DMA loss modulus is probably
due to the relative motion of the two naphthalene
rings present in the polymer chain. Jeong et al.l*
also measured the B* relaxation in PEN and attrib-
uted this relaxation to out-of-plane motion of the
naphthalene rings or their aggregates, and Higashioji
and Bhushan'' have noted this mechanism as a
major contributor to creep behavior of PEN film in
the —20 to 80°C range. They also noted that Gillmor
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and Green' suggested an interlayer slippage mecha-
nism for the naphthalene rings. A thorough study of
the dynamic behavior of PEN versus PET has been
presented by Tonelli,'® who noted the importance of
the geometries of the ester groups attached to the
naphthalene rings in PEN. He described the confor-
mations of PEN versus PET, and noted that the rota-
tion of the naphthalene structure in PEN sweeps
through a larger volume during rotation. Because of
interaction with other polymer chains, this makes
PEN less flexible than PET.'® When these concepts
are combined with the simple observation that the
B* peak is present in PEN and not in PET, this leads
to the motion of the naphthalene rings and attached
molecular groups in PEN as the likely cause of the
energy dissipation and nonrecoverable deformation
at 50°C. However, as noted in a recent study by
Hakme et al.,'” the B* relaxation is more complex
than this and can be related to naphthalene aggre-
gate motions as well as plastic deformation of the
PEN film and the presence of a stable fibrillar crys-
talline morphology together with a structurally
relaxed amorphous phase. In addition, Hakme et
al.’” quantitatively measured a rigid amorphous
fraction that could also play a role in the viscoelastic
behavior of PEN, and he conjectured that there is a
directional nature to the viscoelastic behavior related
to intrafibrillar versus interfibrillar amorphous
phases.

A closer examination of the loss modulus B* peaks
in Figure 12 reveals the presence of sharper peaks
on shoulders within the wider peaks for LTO3 and
T10000, as well as double peaks within the * peak
for LTO4. Canadas et al."> observed double peaks in
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the loss modulus measured at 1 Hz, and attributed
these peaks to the frans and cis conformations for
PEN. Tonelli'® also referred to these conformations
in his discussion of the rotation of the naphthalene
rings and attached ester groups. As shown in Figure
13, the trans conformation for PEN leads to
increased crystallinity due to alignment of the naph-
thalene rings, whereas the cis conformation leads to
an increase in amorphous characteristics due to mis-
alignment of the rings.

The relationship between the trans conformation
and crystallinity, and gauche conformation and amor-
phous regions was observed by Berg and Wei,'® and
they used infrared spectroscopy to determine the
presence of these conformations as a method for
determining the amount of crystalline and amor-
phous regions in PET. Note that the gauche confor-
mation referred to by Berg and Wei'® for PET is
similar to the cis conformation for PEN, and using
specific IUPAC nomenclature both conformations
could be referred to as +synclinal."” Berg and Wei'®
also noted the importance of the proportion of amor-
phous and crystalline regions on achieving the
extreme dimensional stability of biaxially oriented
PET needed for adhesive tape to support arrays of
parallel optical fibers. They indicated that the amor-
phous region is important for dimensional stability,
and should not be too small.

The dual nature of the B* peaks in Figure 12 and
attribution to the trans and cis conformations sug-
gests the important of amorphous and crystalline
regions for the dimensional stability of PEN films.
LTO3 and T10000 have the sharper peaks corre-
sponding with the trans conformation and more
crystalline regions, whereas LTO4 has dual peaks
associated with both trans and cis conformations.
Therefore, LTO4 is likely to have a higher propor-
tion of amorphous regions because of the presence
of the cis conformation. Furthermore, these amor-
phous regions could take on the characteristics of
the rigid amorphous discussed by Hakme et al.,'”
and this could make the PEN substrate more dimen-
sionally stable as predicted by Berg and Wei.'® From
Figure 12, this is supported by the lower overall loss
modulus for LTO4 in addition to the lower overall
storage modulus when compared to LTO3 and
T10000.

TTS (PEN-based tapes and dual-Layer samples)

Magnetic tapes and substrates

Using the creep-compliance results shown in Figure
5 at 30, 50, and 70°C, the TTS process can be used to
predict creep-compliance at a reference temperature
of 30°C over an extended time period of ~ 107 h.
These predictions are shown in Figure 14 for the
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Figure 14 Time-temperature superposition for MP-PEN
tapes.

three types of MP-PEN tapes. Note that the slopes of
the lines are similar out to ~ 10° hours, which is in-
dicative of the similar creep velocities. However, the
initial compliance values, D,, are slightly different
although this difference could be attributed to varia-
tions during the initial loading of the tapes as shown
by the standard deviations in Table IIl. The peaks in
creep-compliance followed by decreases at 70°C can
be observed in the upper graph of Figure 14 for
LTO2 and T10000 after 10° h, with a less prevalent
change-in-slope observed for LTO3. These peaks can
be attributed to the B* transitions experienced by the
substrates rather than transitions in the front coat or
back coat of the samples.

Since the initial creep-compliance, D,, can be con-
sidered to be due to the elastic response, these val-
ues have been subtracted-out in the lower graph of
Figure 14. This results in similar creep-compliance
curves for all three types of MP-PEN tapes. The ini-
tial viscoelastic response out to 1 h is similar fol-
lowed by a long-term response that is similar out to
10° h. Because of the increase in the log creep-com-
pliance scale, the peaks observed after 10° h are less
prevalent when the D, terms are subtracted-out.
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The overall creep-compliance is lower for the PEN
substrates shown in Figure 15 when compared to
the MP-PEN tapes shown in Figure 14. However, as
was observed for the tapes, the PEN substrates have
similar creep-compliance characteristics, which is
particularly noticeable when the initial compliance,
D,, is subtracted-out from the data sets. Further-
more, the roll-off in the substrate curves are similar
to what was observed for the tape indicating that
this behavior is due to the substrate and not due to
other tape layers.

Dual-layer samples

Differences in creep-compliance are observable
when the front coat substrate results from the TTS
process are viewed in Figure 16, which once again
shows the data sets with and without the initial
compliance, D,,. There is more of a separation due to
the initial elastic compliance, and the LTO2 front
coat substrate sample appears to creep at a faster
rate as shown by the slope of the lines in Figure 16.
If D, is subtracted-out, the initial viscoelastic
response of the three MP-PEN front coat substrate
samples appears to be similar during the first 0.1 h
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(log time of —1). However, after this initial visco-
elastic response, the LTO2 sample not only experien-
ces a higher overall creep-compliance, it also creeps
at a slightly faster rate than LTO3 and T10000. Note
a slight change-in-slope still occurs at longer time
periods due to the substrate, but this is less preva-
lent because of the influence of the front coat. Differ-
ences in creep-compliance between the LTO2, LTO3,
and T10000 front coat substrate samples could be
due to the increase in magnetic particle density,
which could inhibit the movement of the elastomeric
binder typically used for MP-PEN tapes.

Long-term creep-compliance characteristics of the
substrate back coat samples are shown in Figure 17
after the TTS process. When the initial creep-compli-
ance, D,, is included in the upper graph of Figure
17, there appears to be a large offset between LTO2
when compared to LTO3 and T10000. This offset is
less significant when the D, values are subtracted
from the data in the lower graph of Figure 17, and
could be due to errors in the initial loading of the
LTO2 samples, which were only tested once at each
temperature. Characteristics of the substrate are
apparent in the substrate back coat data shown in
Figure 17, since the curves are similar to what is
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Figure 16 Time-temperature superposition for MP-PEN
front coat substrate samples.
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Figure 17 Time-temperature superposition for MP-PEN
back coat substrate samples.

shown in Figure 15 for the substrates. As a result,
the back coat for the MP-PEN tapes is not regarded
as having a significant effect on the creep character-
istics of the magnetic tape as whole.

Front coat and back coat creep characteristics

Using the rule-of-mixtures method described by egs.
(6a) and (6b),°®?° the creep characteristics of the
front coat can be separated-out as shown in Figure
18. D, has been subtracted from the data in the
lower graph. Similarly, the creep characteristics of
the back coat can be separated-out as shown in Fig-
ure 19.

Figure 18 shows that there is clearly a difference
between the front coat creep-compliance characteris-
tics for LTO2, LTO3, and T10000. The higher overall
creep-compliance for the LTO2 tape is clear in Fig-
ure 18 as well as the increase in creep after a shorter
period of time. Creep-compliances for T10000 and
LTO3 are lower than LTO2, and the increase in
creep is more gradual and occurs after a longer time
period for LTO3 when compared to T10000 or LTO2.
When D, is subtracted-out, this trend is also present
and the sudden increases in creep-compliances are
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more pronounced at longer time periods for LTO2
and T10000 when compared to LTO 3. Note that the
sharp dip in the LTO2 curve is likely due to similar
creep-compliances for the front coat substrate and
the substrate data at this time period. Since the
inverse of the front coat substrate data is subtracted
from the inverse of the substrate data in the rule-of-
mixtures calculation, it is particularly sensitive to
time periods where the data sets are similar.®

Back coat creep-compliance characteristics in Fig-
ure 19 show that T10000 and LTO3 have similar
characteristics, whereas the back coat for LTO2 has a
higher overall creep-compliance. Note that there is a
lot of variation in the LTO2 back coat data, which
has been attributed to the similarity between the
substrate back coat creep-compliance data and the
substrate data.”® When D, is subtracted-out in Fig-
ure 19, the back coat compliance for T10000 and
LTO3 follow the same trend with the back-coat com-
pliance higher for T10000. Although the back coat
compliance for LTO2 is still higher when D, is sub-
tracted-out, a large discontinuity can be observed at
~ 10 h, which could once again be attributed to the
sensitivity of the rule-of-mixtures calculation to
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Figure 18 Time-temperature superposition for MP-PEN
front coat samples from rule-of-mixtures analysis.
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similarities between the substrate back coat and sub-
strate data.

Calculated versus measured results
for MP-PEN tapes

To evaluate the validity of the experiments and cal-
culations performed in the rule-of-mixtures
approach to separating-out the front coat and back
coat compliances, a calculated creep-compliance for
the tape can be determined using eq. (6¢c) and the
separate creep-compliances measured for the front
coat substrate, substrate, and substrate back coat
samples. The calculated creep-compliances for the
tape can then be compared with the measured
creep-compliances for the tape from separate
experiments.

Figure 20 compares the calculated and measured
creep-compliances for LTO2, LTO3, and T10000. For
LTO2, the calculated versus measured data sets
appear to show a close correspondence, with the cal-
culated data set slightly higher. This difference has
been attributed to the difficulty in extracting the
back coat compliance from the back coat substrate
measurements for LTO2.® The LTO3 and T10000 cal-
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culated data sets appear to be lower than the meas-
ured data sets. These differences between calculated
and measured data sets could be attributed to errors
in initial loading, particularly in the back coat sub-
strate results which could be biased low. Although
the back coats appeared to be undamaged from a
visual inspection, it was difficult to remove the front
coat of the tapes without adversely affecting the
back coat. Although the LTO3 and T10000 calculated
results are biased low, the shape of the curves is
similar to what was observed for the measured data.
The slopes are similar out to 10° h, and the decrease
in compliance for the calculated curves after 10° h
are similar to what was observed for the measured
data.

When the D, values are subtracted-out in the
lower graph of Figure 20, calculated and measured
data sets for the MP-PEN tapes collapse onto each
other. There are minimal discernable differences
between the data sets, although the calculated curve
for LTO2 is still slightly higher than the measured
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Figure 20 Comparison of calculated and measured creep-
compliances for MP-PEN tapes. The calculated data were
determined using the rule-of-mixtures model together
with experimental results for the substrate. Creep-compli-
ance experiments were performed for the complete MP-
PEN tape to determine the experimental data.
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Figure 21 Time-temperature superposition for MP-PEN
tapes compared to MP-PET and ME-Aramid tapes.

curve, and the calculated curves for LTO3 and
T10000 are slightly lower than their measured
curves. Therefore, if the D, terms are not considered,
there is minimal error in the creep-compliance
experiments for the dual layer experiments and sub-
strate experiments when compared to the tape
experiments. Furthermore, the rule-of-mixtures
approach appears to be suitable for making predic-
tions about the creep-compliance behavior of the
front coat and back coat.

Comparisons with tapes made from other substrates

Figure 21 shows the creep-compliance curves for the
MP-PEN-based tapes (LTO2, LTO3, and T10000)
compared to the creep-compliance curves for an
MP-PET tape and an ME-Aramid tape. Note that the
MP-PET tape has a lower overall creep-compliance
than the MP-PEN tapes, and the ME-Aramid tape
has a substantially lower creep-compliance. When
the D, values are subtracted-out, the differences in
creep-compliance characteristics are still observable.
All the tapes experience similar initial increases in
creep-compliance, but the rate of creep-compliance
appears to slow-down sooner for the ME-Aramid
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and MP-PET tapes when compared to the MP-PEN
tapes. However, after ~ 1 h, all the tapes creep at
about the same rate until about 100 h, although the
overall compliance for the ME-Aramid and MP-PET
tapes is still lower. After ~ 100 h, the MP-PET con-
tinues to creep at a higher rate, and the creep-com-
pliance of the ME-Aramid tape diverges from that of
the MP-PET and is lower in the longer time periods
of 10° and 10” h. In comparison, the creep-compli-
ance for MP-PET approaches that of the MP-PEN
tapes at the end of the experiment.

SUMMARY AND CONCLUSIONS

From the curve fits to determine compliance and vis-
cosity terms, an increasing compliance of the elasto-
meric binder for the front coat at elevated
temperatures could play more of a role in recoverable
dimensional changes in the tape. Viscosity terms are
negligible at lower temperatures, and correspond with
a compliant response to the tape materials. Secondary
viscosity terms reach peaks at 30 or 50°C tempera-
tures rather than at 70°C. This appears to be related
to more viscous substrate behavior at these lower tem-
peratures. Higher or lower third-term compliance and
viscosity terms can be related to some of the subtle
changes that occur at higher temperatures or longer
time periods.

Creep velocity tends to decrease for PEN-based
magnetic tape materials, and this general decrease is
due to the characteristics of the PEN substrate. How-
ever, characteristics of the front coat due influence
the creep characteristics of the tape as a whole, and
is indicated by the close correlation between the
creep velocities of the front coat substrate and tape
samples. Furthermore, at longer time periods, the
creep velocity of the front coat substrate samples are
higher than the other samples. A reversal in creep
velocities occurs at elevated temperatures, and is
dominated by the behavior of the PEN substrate.
When compared to MP-PET an and ME-Aramid
materials, the creep velocity of the MP-PEN materi-
als continues to decrease after longer time periods,
where the MP-PET and ME-Aramid materials tend
to reach a steady-state creep velocity.

From DMA data for PEN, a B* peak was mea-
sured in the E” data at ~ 50°C, which is before the
alpha peak at 160°C. Since the loss modulus corre-
sponds with the viscous behavior of the PEN mate-
rial, it is interesting to note that the peak in the m;
viscosity term can also be observed at 50°C from the
creep data. Peaks in these parameters correspond
with an increase in energy dissipation and nonreco-
verable deformation of the PEN polymer. A thor-
ough discussion of the DMA results and literature
was provided to understand the characteristics of
PEN that are associated with the p* peak.
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Amorphous and crystalline regions of PEN appear
to be important for dimensional stability, and a
higher proportion of cis conformation for PEN sub-
strates measured for the LTO4 tape used in this
study corresponds with a lower overall loss modu-
lus, which could lead to improved dimensional sta-
bility. However, other macroscopic factors such as
degree of crystallinity and associated orientation
also play a role in dimensional stability.

From the TTS process at a reference temperature of
30°C, similar slopes for the tape samples out to ~ 10°
h indicate similar creep velocity behavior, which can
be attributed to substrate behavior. Longer time peri-
ods or temperatures higher than 50°C cause a
decrease in creep-compliance that could be associated
with the B* transition experienced by the substrate.
Results for the front coat substrate dual-layer samples
indicate that an increase in magnetic particle density
could inhibit movement of the binder typically used
for MP-PEN tapes. The difference between the creep-
compliance behavior of the front coats is clearly
observable when the rule-of-mixtures is used to sepa-
rate-out the compliance characteristics. Since back coat
substrate characteristics are similar to that measured
for the substrate only, the back coat for MP-PEN tapes
is not regarded as having a significant effect on creep
for the whole tape.

Creep-compliance results for the MP-PEN-based
tapes were also compared with results for MP-PET
and ME-Aramid tapes. In general, MP-PET tapes
and ME-Aramid tapes have lower overall creep-
compliances than MP-PEN tapes. Although initial
compliance characteristics are somewhat different,
from ~ 1 to 100 h all the tapes creep at approxi-
mately the same rate. Longer time periods of ~ 10°
to 10" h show that the creep-compliance of MP-PET
approaches that measured for MP-PEN.
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