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ABSTRACT: Creep compliance, shrinkage, and dynamic
mechanical analysis (DMA) results are presented and dis-
cussed for developmental magnetic tapes made from PEN
and metalized PET (SpaltanVR ) substrates as well as PEN
substrate samples cut from wide-stock in the machine and
transverse directions. Curve fit parameters from the Kel-
vin-Voigt model are discussed to shed light on the creep-
compliance characteristics, particularly the roll-off charac-
teristics observed at elevated temperatures and long time
periods. Characteristic peaks observed in storage and loss

moduli measured using DMA that correspond with molec-
ular movement provide information that assists with the
understanding of creep-compliance and shrinkage behav-
ior for these materials. Such movement corresponds with
dimensional instabilities that need to be understood
for future generations of advanced digital magnetic tapes.
VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 120: 226–241, 2011
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INTRODUCTION

Background

Archival storage of information continues to rely on
advanced digital magnetic tapes. As summarized in
the introduction to a recent article by Weick,1 the
dimensional stability of these tapes is crucial to meet
long-term storage requirements. A 30þ year storage
life is required to preserve crucial government and
industrial data, and even 100þ year storage lives
could be necessary for medical image applications
such as magnetic resonance imaging, which not only
requires the information to be stored for the lifespan
of the patient but also involves relatively large file
sizes that can take advantage of the storage volume
of magnetic tapes and library systems.

Typical storage environments for tapes manufac-
tured to the linear tape open (LTO) format are 16–
32�C with a 20–80% relative humidity,2 and there-
fore, it is important to understand the properties
and characteristics of materials that comprise mag-
netic tapes including the front coat consisting of a
magnetic and nonmagnetic layer, a substrate, and
back coat. This is particularly important when the
high-track density across the tape measured in
tracks-per-inch (TPI) is considered for advanced
tapes. The TPI for tapes such as LTO has more than

doubled in the last 10 years from 923 TPI in 2000 for
LTO1 to 2228 TPI in 2007 for LTO4 and LTO5 tapes
have more than 3000 TPI. Other commercial formats
have seen similar increases in TPI.1

Because magnetic tapes undergo widthwise con-
traction (or expansion) when they are stored in reels
due to the viscoelastic characteristics of the materials
that comprise the tape, it is important to perform ex-
perimental studies that enable a fundamental under-
standing of the viscoelastic characteristics of these
materials. These studies include creep-compliance
measurements with a custom-built test apparatus,
and dynamic mechanical analysis (DMA) using com-
mercially available test equipment. The measure-
ments not only yield quantifiable parameters such as
creep compliance along with the storage and loss
moduli with tan(d) as the ratio of the two moduli,
but they also provide a phenomenological under-
standing of the polymer characteristics that enable
(or perhaps disable) the effective storage of informa-
tion on magnetic tapes.

Objectives

An understanding of the differences between the
viscoelastic characteristics of metalized PET (SpaltanV

R

)
and PEN substrates as well as tapes made from these
substrates is an important goal of this study. Charac-
teristic shapes of the creep-compliance curves at ele-
vated temperature levels along with curve fit param-
eters from the Kelvin-Voigt (K-V) model can enable
this understanding, and more specifically, correlations
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between the creep-compliance data and representa-
tive characteristics of the polymer-based tapes and
substrates are desired. To learn about representative
polymer characteristics that influence dimensional sta-
bility, a mature experimental technique called DMA
can be performed. Primary and secondary relaxations
that are temperature and frequency dependent can be
measured, and DMA experiments performed with the
metalized PET (SpaltanV

R

) and PEN-based media can
enable correlations with long-term creep-compliance
data measured at elevated temperatures. Overall,
media manufacturers and suppliers can use this in-
formation to develop improved substrate and tape
products with documented dimensional stability
characteristics, and drive manufacturers can use the

information to develop improved methods for writing
and reading information from tape media.

Experimental and analytical procedure used
for creep experiments

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 <1%. Test
samples that were typically 330 to 400 mm long
were evaluated. The samples had 200 mm long test
sections and were 12.7-mm wide. Environmental
conditions were monitored using a hygrometer and
temperature sensor, and the test apparatus used lin-
ear variable differential transformers (LVDT’s) con-
nected 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 I. Other articles by Weick1,3 and Weick and
Bhushan4–6 provide a thorough description of these
techniques, and will only be described briefly and
expanded-on as necessary in this article.
Table II provides specifications for the magnetic

tapes used in this study. Two developmental tape
samples provided by Sony use a metalized polyester
substrate manufactured by Toray that is comprised
of poly (ethylene terephthalate) PET and a proprie-
tary nanoengineered polymer blend. The trade name
for this metalized PET substrate is SpaltanVR . Tape
Sample A uses a metalized PET (SpaltanVR ) substrate
with a ‘‘thin‘‘ 0.05-lm thick metalized layer, and Tape
Sample B uses a metalized PET (SpaltanVR ) substrate
with a ‘‘thick‘‘ 0.1 lm thick layer. For simplicity, these

Figure 1 Schematic view of a creep tester for evaluating
the creep behavior of magnetic tape materials.

TABLE I
Outline of Experimental and Analytical Procedure

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

Use four different types of samples: (1) tape, (2) front coat þ substrate, (3) substrate þ 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 Do from repeat experiments at each
temperature level.

Curve fit data to the K-V viscoelastic model using a Levenburg-Marquardt algorithm to determine and analyze
viscoelastic properties.

Use time-temperature superposition to predict creep compliance 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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samples will be referred to as metalized PET A and
metalized PET B, but it is understood that the sub-
strates are actually SpaltanVR . Sony also provided a
development tape sample that uses a PEN substrate,
and this tape is similar to LTO4. Wide-stock PEN
substrate sheets supplied by Teijin-Dupont were also
provided for the study. These wide-stock sheets
enabled the fabrication of test samples in the
machine (MD) and transverse (TD) directions.

Viscoelastic analysis method used for creep
experiments

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

eðtÞ ¼ DlðtÞ
lo

(1)

DðtÞ ¼ eðtÞ
ro

¼ DlðtÞ
rolo

(2)

Dl(t) is the change in length of the test specimen
as a function of time, lo is the original length of the
test specimen, e(t) is the amount of strain the film is
subjected to, ro is the constant applied stress, and
D(t) is the tensile creep-compliance of the test speci-
men as a function of time.

Examples of raw creep-compliance data for metal-
ized PET tape and substrate samples are shown in
Figure 2 along with results for the PEN substrates
cut from wide-stock film in the MD and TD direc-
tions. Three repeat experiments are shown for each
sample, and an average initial creep compliance, Do,
is used to adjust for variation in initial loading.1,3

Overall, the metalized PET tape and substrate sam-
ples have a lower creep compliance when compared
with the PEN substrate samples, and they also
appear to have a lower creep rate as indicated by

their slopes. Furthermore, the metalized PET sam-
ples have a lower creep compliance compared with
past results for unmetalized PET samples. However,
the metalized PET creep-compliance curves tend to
roll-off more at longer time periods. The PEN sub-
strate samples follow classic viscolastic behavior.
Note that the initial creep-compliance is lower for
the PEN-TD sample, although the rate of creep com-
pliance is similar for PEN-TD and PEN-MD as indi-
cated by the slopes of the curves. At longer time peri-
ods, the PEN-TD sample seems to roll-off slightly
more than the MD sample. The metalized PET tape
seems to have a slightly higher overall creep compli-
ance compared with the metalized PET substrate.
This difference could be due to the compliant binder
used in the front coat of the magnetic tape.
Creep-compliance data for the test specimens are

modeled using a generalized K-V viscoelastic model,
which has the following mathematical form:

DðtÞ ¼ Do þ
XK

k¼1

Dk 1� expð�t=skÞ½ � (3)

TABLE II
Magnetic Tape and Substrate Sample Specifications

Sample designation and type of substrate Supplier

Metalized layer
thickness

(each side), lm
Measured tape
thickness, lm

Measured
substrate

thickness, lm

Elastic
modulus
(MD), GPa

Tape Sample A with metalized PET
(SpaltanVR ) substrate

Sony Thin, 0.05 6.67 5.10 7.7

Tape Sample B with metalized PET
(SpaltanVR ) substrate

Sony Thick, 0.1 6.65 5.09 8.4

PEN tape sample Sony – 6.60 4.99 7.8
Machine direction (MD) PEN substrate
sample cut from wide-stock

Teijin-Dupont – – 5.00 –

Transverse direction (TD) PEN substrate
sample cut from wide-stock

Teijin-Dupont – – 5.00 –

Figure 2 Raw creep-compliance data at 50�C for PEN
substrate samples cut from wide-stock in the MD and TD
compared with Tape and Substrate B samples that use
metalized PET (SpaltanVR ) substrate material. Average Do

values were used to adjust for variation in initial loading.
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where, Do is the instantaneous compliance at time
t ¼ 0, Dk is the discrete compliance term, and sk is
the discrete retardation time for each K-V 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 3
and is indicative of a viscoelastic polymer, which
has an amorphous phase with mainly unoriented
molecules, and a crystalline phase, which contains
oriented molecules. Components of the polymeric
structure, which respond instantly to an applied
stress are modeled as a single spring with an instan-
taneous compliance Do, which is inversely propor-
tional to the elastic modulus, but should not be used
as an exact substitute. Components of the polymeric
structure which do not respond instantly but are
deformed in a time-dependent manner are modeled
as multiple elements consisting of springs and dash-
pots acting in parallel. Each element contains a spring
which has a compliance Dk, and a dashpot with a vis-
cosity equal to gk. Compliances correspond with
recoverable characteristics, and viscosities correspond
with nonrecoverable characteristics. The retardation
time for each kth element is defined below:

sk ¼ gkDk (4)

Note that the retardation time is directly propor-
tional to the viscosity and compliance. As the retarda-
tion time increases, the exponential term goes to 1,
and a rudimentary assessment of this means the
influence of the entire K-V element should disappear.
However, really large positive or negative retardation
times do have a marked influence on the creep com-
pliance. A relatively small compliance and large vis-
cosity cause a large retardation time, and vice versa.

Experimental data sets are fitted to eq. (3) using a
nonlinear least-squares technique known as the Lev-
enberg-Marquardt method.7 This method is used to
find the best-fit parameters sk and Dk for a K-V
model with multiple elements. Previous work by
Weick and Bhushan4,5 to determine the viscoelastic
characteristics of alternative polymeric substrates
used for magnetic tapes showed that two to three
elements are typically required for a reasonable fit.

Figure 4 displays how a K-V curve-fit works for
one of the experimental data sets, which was
acquired at 50�C for a metalized PET sample. A Do

value of 0.1377 GPa�1 is the initial creep compliance
for the experiment, and the log (0.1377 GPa�1) ¼
�0.861 in the figure. Variation in the data is due to
the small temperature cycling in the chamber, which
is amplified on the log scale. Application of the Lev-
enburg-Marquardt algorithm results in a six-term,
three-element fit as shown in green. If these parame-
ters are separated out and used in pairs as one-
element or two-element fits, you get the other trend
lines shown in the figure. A relatively small D1 and
s1 term fits the initial part of the curve, whereas the
larger D2 and D3 terms combined with extremely
large s terms fit the latter parts of the data. Note
that large positive retardation times cause an
increase, whereas negative retardation times cause a
decrease. The retardation time can be interpreted as
the time required to attain (1-1/e) or 63.2% of the
equilibrium strain for each element. For the first ele-
ment shown in Figure 4, the retardation time is 0.56
h, which corresponds with the curve fit for this line
reaching 63.2% of its constant level. One hundred
percent of the equilibrium strain occurs at � 0.9 h.

Experimental and analytical procedure
used for DMA

To help understand the viscoelastic behavior of the
tape and substrate materials, an experimental tech-
nique known as DMA was used. This technique is
sometimes referred to as dynamic mechanical ther-
mal analysis, and subjects small samples of thin
polymer films to dynamic stress-strain conditions in
a temperature-controlled test apparatus.8 When the
polymer film samples are subjected to a sinusoidal
strain, e(t), the sinusoidal stress, r(t), measured on
the sample reaches peak values at slightly later time
periods. This is depicted in Figure 5, and the time lag,
Dt, is due to the specific viscoelastic characteristics

Figure 3 The K-V model used to express the elastic and
viscous characteristics of polymeric materials.

Figure 4 Experimental data for metalized PET (SpaltanV
R

)
Substrate B sample at 50�C. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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of the polymer film being tested. As shown in eq.
(5), a corresponding phase angle shift can be calcu-
lated using the frequency of the sinusoidal strain
used for the experiment.

d ¼ ð2pf ÞDt (5)

where, d is the phase angle shift, f is the test fre-
quency, and Dt is the time lag between the strain and
stress. Using this information, the storage modulus, E0,
loss modulus, E00, complex modulus, E*, and loss tan-
gent, tan(d) can be calculated using eqs. (6a–d).

E0 ¼ cosðdÞ r
e

h i
(6a)

E00 ¼ sinðdÞ r
e

h i
(6b)

E�j j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E0ð Þ2þ E00ð Þ2

q
(6c)

tanðdÞ ¼ E00

E0 (6d)

The storage (or elastic) modulus, E0, 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, E00, is a measure of the
component which is out-of-phase with the applied
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.8

A TA Instruments DMA 2980 Dynamic Mechani-
cal Analyzer was used in this study. After the sam-
ples were loaded in the grips, the test lengths varied
from nominal values of 18 to 20 mm. Multifrequency
experiments used to create the 3D graphs presented
herein were performed at 0.1, 0.5, 1, 5, and 10 Hz
for a �80 to 180�C temperature range with a heating
rate of 2�C per min. Samples tested in this manner
were first cooled to �80�C, then subjected to the 0.1
to 10 Hz frequency sweep at each temperature inter-
val as the samples were heated-up to 180�C. The
separate low-frequency experiments were performed

at 0.05 and 1 Hz frequencies using heating rates of
0.5 and 5�C per min, respectively. The initial oscilla-
tion amplitude was set at 16 lm with a static force
of 0.01 N running in autotension mode set at 125%.
The time step between each point was 1.0 s.

RESULTS AND DISCUSSION

Creep-compliance trends

Figure 6 shows the creep-compliance curves gener-
ated after fitting the raw data to the K-V model. An
average initial creep-compliance, Do, is used for each
curve based on three to four repeat experiments per
sample at each of the three temperatures: 30, 50, and
70�C. These Do values can also be observed in Figure
7 along with the standard deviations. When the aver-
age Do values are subtracted from the creep-compli-
ance data sets, the trend lines take-on more curvature
as shown in Figure 8. Note that logarithms of the
creep-compliance data in GPa�1 are plotted in Figures
6 and 8 as a function of the logarithm of the time in
hours to enable the observation of characteristic
trends to the curves over extended time periods.

Figure 5 Schematic drawing of sinusoidal strain and
stress signals from DMA.

Figure 6 Creep-compliance curve fits for PEN and metal-
ized PET (SpaltanVR ) tape and substrate samples.
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As shown in Figure 7, PEN-TD has a lower initial
creep compliance than PEN-MD at all temperatures,
corresponding with TD tensilization and a higher
elastic modulus in this direction. The PEN substrate
obtained from the tape sample tends to follow the
PEN-MD substrate trend, although differences are
observed at lower temperatures, and the initial com-
pliance for the PEN substrate also tends to be higher
than what was measured for the whole tape. Figure
7 also shows that the metalized PET substrates tend
to have similar to higher initial creep-compliance
than the corresponding tapes, although standard
deviations make this assessment somewhat suspect
at certain temperatures. The application of the front
coat with a compliant binder system and rigid mag-
netic particles tends to lower the initial creep com-
pliance, which means the rigid magnetic particles
could play a greater role in the initial compliance of
these tapes. However, this trend does not continue
when the time-dependent creep is considered in Fig-
ures 6 and 8. Figure 7 also shows that tapes made
from the metalized PET substrates have similar ini-
tial creep-compliances with a significant difference
only observable at 70�C. The metalized PET tape
with the thicker metalized layer (Sample B) tends to
have the lowest initial creep-compliance at elevated
temperatures, although the metalized PET tape with
the thinner metalized layer (Sample A) has a similar
initial creep compliance at 50�C. Overlapping error
bars at 30�C render the differences between the ini-
tial creep compliances for the metalized PET tape
samples at this temperature somewhat inconclusive.
It should be noted that the 50�C data provides some
realistic insight into the creep-behavior of actual
tape products stored at this maximum design tem-
perature. The tape with the PEN substrate has a
higher initial creep compliance than the metalized

PET tapes at 50�C. Some tape drive manufacturers
claim that the initial creep compliance is not an
issue, due to the ability of the tape head to servo to
different positions. As a result, as shown in Figure 8
it is important to understand the time-dependent
creep-compliance response without the Do values
included.
Compared with other samples in Figure 8, the

PEN substrates and tapes tend to have higher over-
all creep-compliance characteristics when the Do val-
ues are subtracted out. At longer time periods and
higher temperatures, the roll-off occurs that has
been observed for other PEN-based substrates and
tapes,1,3 and it is more prevalent for the PEN sub-
strate obtained from the tape. This is particularly
true at the 70�C temperature, although there are
minimal differences between the PEN substrate and
tape behavior for the 30 and 50�C temperature lev-
els. As was observed for Do values plotted in Figure
7, the overall creep-compliance for the PEN-TD sam-
ple shown in Figure 8 is still slightly lower com-
pared with the PEN-MD sample when the Do values
are subtracted out. Additionally, it should be noted

Figure 7 Average initial compliances, Do, and standard
deviations for PEN and metalized PET (SpaltanVR ) tape and
substrate samples.

Figure 8 Creep-compliance curve fits for PEN and metal-
ized PET (SpaltanVR ) tape and substrate samples. Average
initial compliances, Do, subtracted from data sets.
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that at 30 and 50�C the creep-compliance curves for
the tape with the PEN substrate are similar to the
PEN substrate from the tape, due to a minimal influ-
ence of the compliant binder system in the front coat,
although as discussed previously, the hard magnetic
particles do influence the initial response shown in
Figure 7. In comparison, the creep-compliance char-
acteristics of the metalized PET substrates and tapes
are significantly different than the characteristics of
the PEN substrates and tapes when Do is subtracted
out. The behavior at different temperatures is also
significantly different for the metalized PET sub-
strates and tapes, with higher temperatures leading
to higher overall creep compliances in Figure 8. Fur-
thermore, there seems to be a larger increase in
creep-compliance when the temperature is increased
from 30 to 50�C for Substrate A and Tape A com-
pared with Substrate B and Tape B. This is possibly
due to the influence of the thicker metalized layer
for Tape B compared with Tape A. Figure 8 also
shows only minimal differences between the creep
compliance of the substrate versus tape materials.
However, the most notable observation from Figure
8 is the characteristic roll-off that is more prevalent
in the metalized PET substrates and tapes compared
with the PEN substrates and tapes. The roll-off

occurs at all temperatures after � 5 to 10 h, although
the time that this roll-off begins to occur and drop
appears to vary, with significant roll-off occurring
after 10 to 50 h. In some cases, the creep-compliance
rolls-off to levels lower than what was observed dur-
ing the initial time periods in Figure 8. Comparisons
with DMA data provide insight into this behavior,
which could be attributed to relaxations in the pre-
dominantly PET substrate.

Curve fit parameters from K-V model

To gain some understanding of the compliance char-
acteristics of the PEN and metalized PET substrates
and tapes, individual compliance parameters (D1,
D2, and D3) are shown in Figure 9. Because of the
nature of the data sets for the PEN samples, those
plots are shown on both linear and log scales,
whereas data sets for the metalized PET samples are
only shown on a log scale. The linear scale plots for
the PEN-MD, PEN-TD, and PEN tape samples show
a generally increasing trend to compliances with the
increase in temperature from 30 to 70�C. For each of
these samples, the individual compliance parameters
(D1, D2, and D3) are also similar at 30 and 50�C. For
all the PEN samples, at 70�C there is a larger

Figure 9 Compliances (D1, D2, D3) for PEN samples on linear and log scales compared with those for metalized PET
(SpaltanVR ) samples on a log scale.
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separation between D1, D2, and D3. This is also true
for the PEN tape at 50�C, and PEN substrate from
tape at all three temperatures. This corresponds with
the roll-off observed in the creep-compliance curves
in Figure 8, and can be associated with the D3 term
that tends to go highly positive or negative, which
when multiplied by a positive or negative viscosity
controls the retardation time. For all samples shown
in Figure 9, high-compliance values could drive the
influence of the second and third elements to be
negligible if one recalls that the retardation time is
the product of the intrinsic viscosities and complian-
ces for each element. However, recall from Figure 4
that these relatively high values control the roll-off
characteristics. Note that a negative compliance term
can be visualized as a retraction of the spring-ele-
ment rather than an extension. In some contrast to
the other PEN samples, the PEN substrate obtained
from the tape tends to have negative D3 values at all
temperatures, corresponding to retraction of the
sample at longer time periods regardless of tempera-
ture, a phenomenon that can be associated with sig-
nificant shrinkage characteristics of the PEN poly-
mer discussed later in this paper that are possibly
enhanced after it is used for tape fabrication.

If only the D1 values are considered for the metal-
ized PET samples in Figure 9, then Substrate A and
B have similar compliance responses at 30�C, but
Substrate B with the thicker metalized layer retains a
lower compliance response at 50 and 70�C compared
with Substrate A. This also tends to be subtly true
for Tape B compared with Tape A. Interestingly, the
metalized PET substrates and tapes show more
of a separation between D1, D2, and D3 at 30�C. This
could be due to the metalized layers that respond
elastically at the low 30�C temperature. However, as
the temperature increases, there is a closer corre-
spondence between D1, D2, and D3 due to the
decreasing influence of the metalized layers. Only
Substrate B shows a consistent separation between
the parameters, which once again could be attrib-
uted to the thicker metalized layer.

When the metalized PET compliances are com-
pared with those determined for PEN, the magnitudes
are similar with some exceptions. The metalized PET
substrate and tape show more negative compliance
responses at 50 as well as 70�C, which corresponds
with retraction of the spring element. The magnitude
of the these compliance extremes corresponds with
roll-off of the creep-compliance curves but should be
included as a multiplier to the viscosities to determine
retardation times in addition to being a multiplier out
in front of a K-V term. As was observed in Figures 6
and 8, these characteristics lead to significant differen-
ces in creep-compliance behavior for the metalized
PET samples compared with the PEN samples. The
roll-off tends to be more significant for the metalized

PET samples, although the overall compliance
response is lower compared with PEN.
A comparison of retardation times can be found

in Figure 10. Recall that the retardation time is the
time required to attain (1-1/e) or 63.2% of the equi-
librium strain for each element. Each kth element of
the K-V model contributes a delayed compliance of
magnitude Dk[1�exp(�t/sk)], and the amount of this
delay is directly related to the magnitude of the re-
tardation times sk. Retardation times for the PEN
substrates and tape tend to build with each consecu-
tive element, and reach peaks at 50 or 70�C. In gen-
eral, extreme retardation times correspond with
downward roll-off of the curves, and extreme s1 and
s2 values for the metalized PET samples at 30�C cor-
respond with the elastic behavior observed for these
samples at lower temperatures. Substrate B and
Tape B seem to retain this characteristic more at
higher temperatures compared with the Substrate A
and Tape A samples due to the thicker metalized
layer used for the B samples. When compared with
the PEN samples, the metalized PET samples appear
to have higher s1 values at 30 and 50�C. This is less
prevalent at 70�C, but roll-off characteristics for both

Figure 10 Retardation times (s1, s2, s3) for PEN samples
compared with retardation times for metalized PET
(SpaltanVR ) samples.
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types of substrates are more dominant at this tem-
perature due to the influence of both the retardation
and compliance values for the second and third K-V
elements noting that the retardation time is really a
derived quantity that is equal to the compliance
times the viscosity for each element.

As was observed for the retardation times in Fig-
ure 10, the viscosities for the PEN substrates and
tape in Figure 11 tend to build with each consecu-
tive element, and reach peaks at 50 or 70�C. Extreme
viscosities also correspond with roll-off of the
curves. In cases where a compliance term is negative
and the retardation time is positive, the viscosity is
negative, which means the piston is moving in the
opposite direction in the dashpot when the mechanical
K-V analogy is utilized. There are more negative vis-
cosities at all temperatures for metalized PET com-
pared with the PEN samples. This accounts for attenua-
tion of the overall creep behavior at lower temperatures
and roll-off at higher temperatures for these samples.
When the g1 values are considered alone for the metal-
ized PET samples, they tend to be higher than what was
measured for PEN samples. This supports the notion of
an increase in viscous (or decrease in fluid-like behavior)
for metalized PET substrates and tapes compared with

PEN substrates and tapes due to the presence of the
more rigid metal layer.
The g1 values for Substrate B are similar to g1 val-

ues for Substrate A, which suggests the thickness of
the metal coating does not have a large influence on
attenuating the fluid-like behavior of the underlying
PET substrate during shorter time periods. However,
contrary to this observation is the presence of the
more negative g2 and g3 values for Substrate A
compared with Substrate B, which suggests that the
thicker metalized coating helps to prevent the more
prevalent roll-off characteristics observed for Sub-
strate A compared with Substrate B. This uses the
notion stated earlier for highly negative retardation
times and associated negative viscosities, which
cause substantial roll-off at higher temperatures
and/or longer time periods. Lastly, it is interesting
to note that the viscosity characteristics for Tape A
and Tape B are pretty similar, which suggests that
the front and back coats of the tape play an impor-
tant roll in moderating the creep behavior of the
metalized PET substrates.

DMA of substrates

General observations—temperature and frequency
dependence

Figure 12 shows DMA results for the PEN substrates
cut from wide stock in the MD and TD direction as
well as the PEN substrate obtained from a tape sam-
ple after removing the front and back coats of the
tape. Figure 13 shows DMA results for the two
metalized PET substrates that were also obtained
from tape samples by removing front and back coats
of the tape. The storage modulus (E0), loss modulus
(E00), and tan(d) are plotted from top to bottom in
each column as a function of temperature in �C and
the log of frequency in Hz. Color bars shown at the
right of each figure can be used to determine magni-
tudes in addition to the vertical tick marks. For each
substrate type, only one sample was used for each
experiment using the settings noted in the Introduc-
tion. The sample was first cooled down to 80�C before
being pulled at each frequency interval of 0.1, 0.5, 1, 5,
and 10 Hz. Then, it was heated to the next tempera-
ture level at a rate of 2�C/min, and the multiple fre-
quency measurements were repeated. This process
continued until the final 180�C temperature level.
As expected for the storage modulus (E0) plots,

there is a decreasing trend to the storage modulus
as temperature increases from �80 to 180�C. From
Figure 12, PEN substrates cut in the MD and TD
directions from wide-stock have similar storage
modulus characteristics, which is likely due to biax-
ial tensilization used to make the samples. In com-
parison, the PEN substrate obtained from the tape

Figure 11 Viscosities (g1, g2, g3) for PEN samples com-
pared with viscosities for metalized PET (SpaltanV

R

) samples.
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sample has a slightly lower overall storage modulus
as a function of temperature. Storage modulus plots
in Figure 13 for the metalized PET substrates also
show a slightly lower overall storage modulus, but
the curves tend to flatten-out in the middle tempera-
ture range before decreasing. Note that none of the
storage modulus plots for the PEN or metalized PET
substrates show a significant change with frequency
for the 0.1 to 10 Hz frequency range used in the
study. However, there is a slight increase in storage
modulus observed with an increase in frequency for
all samples.

The second row of panels in Figures 12 and 13
show the Loss Modulus (E00) plots as a function of
frequency and temperature for the substrates eval-
uated in this study. These plots are reoriented in
Figure 14 as two dimensional plots with E00 as the
vertical axis and temperature in �C as the horizontal

axis. Peaks are also labeled in Figure 14 as b, b*, and a.
Only the PEN substrates have the b* peaks, whereas
both the PEN and metalized PET samples have both
the b and the a peaks. The b peaks correspond with
short-range motions of the ester groups in the poly-
ester backbones of PEN and PET, whereas the a
peaks correspond with long-range motion in the
amorphous region often referred to as the glass
transition.9 As discussed by Tonelli,10 the b* peak
that is unique to PEN is due to rotation of the naph-
thalene ring, and Weick1 provides a discussion of
this phenomenon as it relates to PEN-based mag-
netic tapes. It is interesting to note that the b* peaks
are most prevalent in the PEN MD and TD samples,
but the PEN substrate from the tape sample has a
very prevalent b peak compared to both the b* and
a peaks. This could be a peculiarity due to the proc-
essing of the tape, and a comparison with shrinkage

Figure 12 DMA results for PEN substrate samples cut from wide-stock in the MD and TD along with results for a PEN
substrate sample from a magnetic tape. Storage moduli, loss moduli, and tan(d) results are shown for each sample as a
function of frequency and temperature. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrarycom.]
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and creep data are discussed later in this article.
Such comparisons can also shed light on why the b
peaks in the metalized PET samples are also very
prevalent.

By calculating the ratio of the loss modulus to the
storage modulus, the tan(d) plots can be generated.
Due to the large magnitude of the storage modulus
relative to the loss modulus, the peaks tend to be
attenuated. As a result, the b and b* peaks disap-
pear, whereas the large a peaks are more prevalent.
Although the a peaks are also present in the loss
modulus plots, their higher magnitude relative to
other peaks in the tan(d) plots has led scientists to

use their location in the tan(d) plots as a measure-
ment of the glass transition temperature. Therefore,
based on these tan(d) plots, the PEN substrate obtained
from the tape sample has a higher glass transition tem-
perature of � 160�C compared to � 125�C measured
for the metalized PET B substrate. However, the fre-
quency dependence of these peaks and whether they
are narrow or broad needs to be considered.

Peak locations and shifts with frequency

For archival purposes, magnetic tapes are stored in a
16–32�C, 20–80% RH environment,2 and it is important

Figure 13 DMA results for metalized PET (SpaltanVR ) substrate samples from magnetic tapes. Storage moduli, loss mod-
uli, and tan(d) results are shown for each sample as a function of frequency and temperature. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrarycom.]
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to understand properties and characteristics for this
temperature and humidity range. Because DMA is
performed at relatively high frequencies, and dimen-
sional instabilities associated with viscoelastic creep
mechanisms occur at comparatively low frequencies,
it is useful to understand how the transition phe-
nomena measured by the peaks in DMA measure-
ments shift with frequency. Figures 12 and 13 show
some evidence of the effects of frequency, but the E00

versus temperature plots in Figure 14 provides a bet-
ter understanding of how the peaks shift with a
change in frequency. Recall that these experiments
were performed using a single sample, and fre-
quency sweeps from 0.1 to 10 Hz were performed at
each temperature level as the sample was warmed
from �80 to 180�C. To further understand how the
transition peaks shift with frequency, additional
experiments were performed using the same �80 to
180�C range, but one sample was pulled at 0.05 Hz,
and a second sample was pulled at 1 Hz. A finer
temperature resolution of 0.25 and 0.50�C could be
used at these specific test frequencies, and E E0, E00,
and tan(d) results are shown in Figures 15 and 16
for the substrate samples used in this study.
Based on the E00 data shown in Figure 14, the a

peak location for the PEN-based samples seemss to
show no shift with temperature for the 0.1 to 10 Hz
range, with only a minimal decrease in magnitude
in Figure 12. Based on the E00 data, the location of
the a peak is at 137�C for the PEN-based samples. In
comparison, from Figure 14 the a peak location for
the PET-based samples does shift slightly to a higher
temperature at 10 Hz from its peak at 120�C at 0.1
Hz. The magnitude of this peak also decreases
slightly with an increase in frequency. The presence
of the b* peak is unique to the PEN-based samples
due to the naphthalene ring, and it shifts to lower
temperatures with a decrease in frequency. For all
three PEN substrate samples, at 10 Hz the b* peak is
located at 71�C, and shifts to 48�C at 0.1 Hz,
although this peak at the lower frequency is only
predominant for the PEN (MD) and (TD) samples,
and seems to be blended into the b peak for the
PEN substrate sample that was obtained from the
tape. For all the samples, the b peaks at subzero
temperatures show minimal shift in the 0.1 to 10 Hz
frequency range, although their magnitudes do tend
to decrease with a decrease in frequency.
Storage modulus (E0) data shown in Figures 15

and 16 for the 0.05 and 1 Hz test frequencies typi-
cally show a decrease in magnitude with a decrease
in frequency. Only the PEN (MD) data sets show the
opposite trend. It is also interesting to note the E0

values at 25�C are 4.2 and 3.4 GPa for PEN (MD)
tested at 0.05 and 1 Hz, whereas the E0 values at
25�C for PEN (TD) are 3.7 and 6.4 GPa. The E0 val-
ues at 25�C for the PEN substrate from the tape are

Figure 14 Loss modulus versus temperature results from
DMA of PEN substrates samples cut from wide stock in the
MD and TD directions along with results for a PEN substrate
sample from a magnetic tape and metalized PET (SpaltanV

R

)
substrate samples from magnetic tapes. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrarycom.]
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5.1 and 5.7 GPa at 0.05 and 1 Hz. In comparison, the
E0 values for metalized PET Substrate A at 25�C are
4.5 and 5.4 GPa at 0.05 and 1 Hz, and 3.2 and 4.3

GPA for metalized PET Substrate B at 0.05 and
1 Hz. Furthermore, it is interesting to note the flatter
E0 curves for the metalized PET samples, particularly
in the intermediate temperature range.
Peak shifts with frequency are much more preva-

lent for the loss modulus (E00) data shown in Figures
15 and 16. The a peak shifts from 150�C at 1 Hz to
130�C at 0.05 Hz for the PEN based samples, and
from 130�C at 1 Hz to 110�C at 0.05 Hz for metalized
PET Substrate A, or 140�C at 1 Hz to 110�C at 0.05
Hz for metalized PET Substrate B. In short, a � 20�C
downward shift in the location of the a peak occurs
for PEN and PET-based substrates, with the a peak
locations always at higher temperatures for the PEN
substrates. Note that the a peak locations measured
with the tan(d) plots are somewhat higher, and occur
at 172 and 150�C for the 1 and 0.05 Hz test frequen-
cies used for the PEN substrate samples. In compari-
son, these peaks are at 140 and 120�C for the PET-
based substrates. Note that a peak locations from
the tan(d) plots are commonly used for glass transi-
tion temperature specifications, and it is interesting
to note that these ‘‘specifications‘‘ are not constant
with frequency.
The location of the b* peaks for the PEN sub-

strates in Figure 15 is lower for 0.05 Hz compared
with the 1 Hz test frequency, which is similar to the
trends observed in Figures 12 and 14 for the 0.1 to
10 Hz test frequencies. For the PEN (MD) and (TD)

Figure 15 Comparison of DMA results at two frequencies (0.05 Hz and 1 Hz) for PEN substrate samples cut from wide
stock in the MD and TD along with results for a PEN substrate sample from a magnetic tape.

Figure 16 Comparison of DMA results at two frequencies
(0.05 Hz and 1 Hz) for metalized PET (SpaltanVR ) substrate
samples from magnetic tapes.
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substrates, the shift is from 75 to � 10�C for the 1
and 0.05 Hz test frequencies, although the location
of the b* peak at 0.05 Hz for the PEN (TD) sample is
unclear since it appears to merge with the location
of the b peak. Interestingly the specific locations of
the b* peak for the PEN substrate obtained from the
tape appears to be at 60 and 25�C for the 1 and 0.05
Hz test frequencies, which is a narrower range and
at slightly different locations compared with the
PEN wide stock samples. Note that the magnitude
of the b* peaks also increases with a decrease in test
frequency.

Although somewhat observable in the E00 and
tan(d) curves at 1 Hz for both the PEN and PET sub-
strate samples, the b peaks at subzero temperatures
appear to be typically off-scale at the lower 0.05 Hz
test frequencies. Some slight increases at �80�C should
not be misinterpreted as peaks, and could be due to
anomalies that occur during the start of the experi-
ment. Overall magnitudes of the b peaks are also
somewhat inconsistent, with off-scale magnitudes for
the PEN (TD) samples. However, similar peak magni-
tudes were measured for the other PEN substrate sam-
ples with slight lower b peak magnitudes for the PET
substrate samples, but once again actual peak locations
seem to be off-scale for some PET samples.

Shrinkage

In addition to the creep behavior at elevated temper-
atures due to dimensional changes from the applica-
tion of an external stress, polymer materials such as
the polyester substrates used in this study undergo
another type of dimensional change at elevated tem-
peratures call shrinkage. This behavior is independent
of the applied stress, and causes the polyester sub-
strate to contract if a strip of it is held between two
fastening points at an elevated temperature. This type
of phenomena has been measured for both PET and
PEN substrates,6 and has been attributed to movement
of partially oriented molecules in the amorphous
regions at elevated temperatures. This movement
leads to a contraction of the partially-oriented mole-
cules in the amorphous phase, and contraction or
shrinkage of the ultra-thin tape or substrate material.

To measure shrinkage with the custom creep
apparatus, a minimal 0.5 MPa stress is used to keep
the samples tight between the grips. Then, the
test chamber is brought up to test temperature, and
the change in length of the samples is measured in
the same manner it is measured during the creep
experiments. However, instead of undergoing a pos-
itive change in length associated with creep, the
samples contract or shrink over an extended time
period at the elevated test temperature.

Figure 17 provides shrinkage results for the wide-
stock PEN samples cut in the MD and TD as well as

results for the PEN based tape and substrate. The
PEN tape and substrate acquired by removing the
front and back coats from the tape show the largest
amount of shrinkage at 70�C, which is why the
experiments were continued out to almost 200 h to
show that this behavior would continue over an
extended time period. Although the PEN tape
showed a slightly larger amount of shrinkage than
the substrate, the samples shrank a similar amount,
which means the behavior is dominated by the sub-
strate and the contribution from the front and back
coat is minimal. In comparison, shrinkage of the
PEN MD and TD wide stock samples is lower at
70�C with the TD sample showing slightly larger
shrinkage than the MD sample. Results at 50�C are
similar for the PEN samples, although the PEN tape
and substrate tend to show a slightly steeper slope
than the PEN MD or TD samples. At 30�C shrinkage
is minimal compared with the higher temperatures,
and there tends to be a leveling-off of the shrinkage
results after the initial few hours of the experiments.
Overall, the PEN MD and TD samples show less
shrinkage at 30�C than the PEN tape or substrate

Figure 17 Shrinkage results for PEN substrate samples
cut from wide stock in the MD and TD along with results
for a PEN substrate sample from a magnetic tape.
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sample, with the shrinkage of the PEN TD sample
being almost immeasurable.

Shrinkage results for the metalized PET tapes and
substrates are shown in Figure 18 for the 30, 50, and
70�C test temperatures. As observed for the PEN tape
versus substrate samples, the tape samples tend to
shrink more than the substrate samples, although the
difference is small. This means that the shrinkage
behavior is dominated by the substrate behavior. How-
ever, the presence of the thicker metalized layer for the
B samples tends to lead to a lower amount of shrinkage
compared with the A samples that have the thinner
metalized layer. The experiments at 70�C clearly show
the difference between the A and B metalized PET sam-
ples, whereas there is less of a difference at 50 and 30�C,
although the shrinkage of the B samples still tends to be
lower than the A samples at these temperatures.

Comparisons of shrinkage behavior between the
two types of polyester samples can also be made
using the results shown in Figures 17 and 18. The
PEN tape and substrate sample acquired by remov-
ing the front and back coats of the tape show the
largest amount of shrinkage compared to any of the
other samples. However the metalized PET samples
show a larger amount of shrinkage than the PEN

MD and TD samples cut from wide stock. Note that
these observations are particularly true at 70�C, but
also tend to occur at the lower 50 and 30�C test tem-
peratures. One could argue that the naphthalene
ring structure in the PEN samples makes it more dif-
ficult for this material to crystallize, and therefore
more partially oriented PEN molecules are left in the
amorphous region leading to a larger amount of
shrinkage. However, this statement would only
explain the larger shrinkage for the PEN tape and
substrate materials compared with the metalized
PET materials. Since the PEN MD and TD samples
do not shrink as much as the samples that are either
tapes or substrates obtained from the tapes, then
processing of the tape is likely to lead to some unin-
tentional postprocessing of the underlying substrate
material. Although specific processes and tempera-
tures are proprietary, it is reasonable to assume that
the elevated temperatures needed to coat the sub-
strate with the front coat (magnetic þ nonmagnetic
layers) in addition to the back coat perhaps leads to
some partial disorientation of molecules from the
crystalline region to the amorphous region. As a
result, these partially oriented molecules contract
leading to shrinkage of the tape and substrate mate-
rials during the experiments shown in Figures 17
and 18. If the PEN MD substrates from wide stock
were used to make tapes, then it is reasonable to
assume that the shrinkage of the resulting tape
would be greater and similar to the PEN tape and
substrate results in Figure 17.

CONCLUSIONS

Metalized PET (SpaltanVR ) tapes and substrates do
tend to have lower initial creep compliances, Do,
than PEN tapes and substrates, but this should not
be used as the sole criteria for specifying a substrate
just as the elastic modulus or even Tg should not be
used in this manner. Instead, a more thorough
approach should be taken that accounts for the time
and temperature-dependent viscoelastic behavior that
lead to dimensional stability problems. Parameters
determined from fitting creep data to generalized
K-V models provide insight into the dimensional
stability behavior and composition of the substrate
and tape materials. Correlations with DMA data
trends could provide even more insight, and shrinkage
characteristics also need to be accounted for.
Negative compliance parameters correspond with

retraction and shrinkage of the samples. This can
not only attenuate creep, but can also lead to roll-off
of the creep-compliance curves at extreme negative
magnitudes. Each compliance parameter is a multi-
plier to a respective viscosity parameter that deter-
mines a retardation time for a K-V element, and
each compliance parameter is also a multiplier out

Figure 18 Shrinkage results for metalized PET (SpaltanVR )
tape and substrate samples.
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in front of each K-V element. The D3 terms for PEN
substrates and tapes can be highly negative at 50�C
and particularly 70�C. The PEN substrate tested
even showed this D3 response at 30�C. g3 viscosity
terms for PEN determined by g3 ¼ s3/D3 also follow
this negative trend. This corresponds with roll-off of
the creep response. b* peaks indicate rotation of the
naphthlene rings and associated functional groups,
which occurs in this temperature range, particularly
at lower frequencies, and even the a peak shift to
lower temperatures at lower frequencies could be
correlated with the creep-compliance roll-off.

More compliance and viscosity terms tend to be
negative for metalized PET (SpaltanVR ) compared to
PEN, with Substrate sample B showing more nega-
tive compliance parameters, and Substrate sample A
showing more negative viscosity parameters. Inter-
estingly, tapes made with Substrates A and B have
similar compliance and viscosity characteristics. As
observed for the PEN sample, DMA results show
that the a peak shift to lower temperatures at lower
frequencies could be correlated with the roll-off
observed for these samples.

Shrinkage characteristics for the metalized PET
and PEN tapes and substrates seem to be more prev-
alent after the coating operations when the front
coat (magnetic and nonmagnetic layers) plus back
coat are applied. The lowest amount of shrinkage
was measured for the MD and TD samples cut from
wide stock PEN, which had not yet been used for
processing. It is interesting to note that large b peaks
measured at subzero temperatures from DMA seem
to correspond with large amounts of shrinkage. De-
spite the fact that the shrinkage and DMA results
are performed at different temperatures, it is impor-
tant to note that the b peaks in the DMA results cor-
respond with motion of the ester linkages in the mo-
lecular chains. And, interaction between ester
linkages in opposing chains contributes to intermo-
lecular bonds between the chains, which are broken
and reformed during shrinkage as the partially ori-
ented molecules contract in the amorphous region.
Furthermore, large amounts of roll-off in the creep-
compliance curves after long time periods at ele-
vated temperatures corresponds with more pro-
nounced shrinkage behavior. The metalized PET
and PEN tape samples exhibited this behavior as did
the substrates extracted from these tapes. Therefore,
shrinkage phenomena associated with contraction of
the extended polyester chains could be contributing to
the roll-off behavior observed in the creep-compliance
measurements at extended time periods for these sam-
ples and the negative viscosity and compliance param-
eters that are typically associated with this roll-off
behavior. Energy dissipated through viscous mecha-
nisms in the amorphous regions of the polyester sub-
strates seems to lead to the dimensional instabilities,

and partially oriented molecules in these amorphous
regions seem to contribute to these instabilities.
Processing methods appear to influence the

dimensional stability of finished magnetic tape. The
uncoated substrates themselves exhibit creep and
shrinkage behavior that is tightly controlled by the
practices of the tape substrate manufacturer. How-
ever, dimensional stability of the finished tape is
also highly influenced by processing conditions used
to coat the substrate with the front coat (magnetic
plus nonmagnetic layers) as well as the back coat.
This coating process is performed at high speeds on
sheets typically 400–800 mm wide moving through
rollers, tension control bars, coaters, driers, and
inline calendar rolls, which subjects the newly
formed tape to a complex stress state. The tape is
then wound onto large bulk rolls and cured for up
to 20 h at elevated temperatures (typically 40–50�C)
under relatively high pack pressures if large diame-
ter hubs are used. Some manufacturers use rigid
metal hubs whereas others use compressible paper
hubs. In addition, some manufacturers wind these
bulk rolls with the coating side up, whereas others
wind the rolls with the coating side down. Variables
such as these can lead to the dimensional stability
issues observed for magnetic tapes such as those eval-
uated in this study. With relaxations such as the b*
and a transitions occurring at or near room tempera-
ture depending on the rate or time period of deforma-
tion, it is important for media manufacturers to deter-
mine methods to minimize and control mechanical
properties of the as-produced tape to enable the suc-
cessful use of future more advanced tapes with higher
densities for long-term archival storage applications.
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