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ABSTRACT: Mechanical and thermal properties of mag-
netic tapes and their individual layers strongly affect the
tribology of magnetic head-tape interface and reliability of
tape drives. Dynamic mechanical analysis, longitudinal
creep, lateral creep, Poisson’s ratio, the coefficient of hygro-
scopic expansion (CHE), and the coefficient of thermal ex-
pansion (CTE) tests were performed on magnetic tapes,
tapes with front coat or back coat removed, substrates (with
front and back coats removed), and never-coated virgin
films of the substrates. Storage modulus and loss tangent
values were obtained at a frequency range from 0.016 to 28
Hz, and at a temperature range from —50 to 150 or 210°C.
Longitudinal creep tests were performed at 25°C/50% RH,
40°C/25% RH, and 55°C/10% RH for 50 h. The Poisson’s
ratio and lateral creep were measured at 25°C/50% RH.
CHE was measured at 25°C/15-80% RH. CTE values of
various samples were measured at a temperature range
from 30 to 70°C. The tapes used in this research included
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two magnetic particle (MP) tapes and two metal evaporated
(ME) tapes that were based on poly(ethylene terephthalate)
and poly(ethylene naphthalate) substrates. The master
curves of storage modulus and creep compliance for these
samples were generated for a frequency range from 10~ *° to
10" Hz. The effect of tape manufacturing process on the
various mechanical properties of substrates was analyzed by
comparing the data for the substrates (with front and back
coats removed) and the never-coated virgin films. A model
based on the rule of mixtures was developed to determine
the storage modulus, complex modulus, creep compliance,
and CTE for the front coat and back coat of MP and ME
tapes. © 2004 Wiley Periodicals, Inc. J] Appl Polym Sci 92:
1319-1345, 2004
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INTRODUCTION

Magnetic tapes provide extremely high volumetric
density, high data rates, and low cost per megabyte
compared to those of other storage media. These are
primarily used for data backup and some high volu-
metric density recording devices such as instrument
and satellite recorders.! For example, the Generation 4
Ultrium format LTO (Linear Tape Open) tape pro-
vides for up to 1.6 TB in a single cartridge, with a
compressed data rate of up to 320 MB/s.” The high
volumetric density is achieved by a combination of
high areal density and the use of an ultrathin tape.
This requires that the substrate and the finished tape
be mechanically and environmentally stable in both
the longitudinal (for high linear density) and lateral
(for high track density) directions. Ever increasing
recording density requires a better understanding of
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the dimensional stability of the tape, especially of the
polymeric substrate that takes 75 to 95% of the total
thickness. As a way to minimize stretching and dam-
age during manufacturing and use of thin magnetic
tapes, the substrate should be a high-modulus, high-
strength material with low viscoelastic and shrinkage
characteristics. Also, because high coercivity magnetic
films on metal evaporated (ME) tapes are deposited
and heat treated at elevated temperatures, an ME sub-
strate with stable mechanical properties up to a tem-
perature of 100-150°C or even higher is desirable."
The first author’s group extensively studied the vis-
coelastic properties and dimensional stability of ultra-
thin polymeric films and tapes.”'? This includes the
creep, shrinkage, dynamic mechanical behavior, Pois-
son’s ratio, thermal and hygroscopic expansion of
polymeric substrates, tapes, and stripped tapes with-
out front coat and/or back coat. Weick and Bhus-
han,”® Ma and Bhushan'"'> modeled the magnetic
tape as a three-layer composite: front coat, substrate,
and back coat. By performing tests on the combined
layers and applying the rule of mixtures, storage mod-
ulus, complex modulus, lateral creep compliance, and
coefficient of thermal expansion of each individual
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Figure 1 Magnetic tape: (a) schematic diagram of MP and ME tapes; (b) detailed construction of MP and ME tapes
(downloaded from http://www.sony.co.jp/en/Products/METape/eng/why/index.html, and slightly modified); (c) chem-

ical unit structures of various polymeric films.

layer were obtained. To date, longitudinal creep com-
pliance of individual layers has not been measured.
There is another key concern to tape and substrate
manufacturers, which is the degradation of the sub-
strate during the tape manufacturing. Such informa-
tion is useful for designers to develop future magnetic
tapes that use thinner and highly stable materials.
The objective of this study was to measure longitu-
dinal creep compliance of magnetic tapes and their
individual layers, as well as to study the effect of tape
manufacturing processing on the longitudinal creep
compliance of substrates. Other data reported are dy-
namic mechanical analysis (DMA) data, lateral creep
compliance, Poisson’s ratio, and coefficient of hygro-

scopic and thermal expansion. Two magnetic particle
(MP) and two ME tapes, each of which used two
typical polymeric substrates, poly(ethylene terephtha-
late) (PET) and poly(ethylene naphthalate) (PEN), and
corresponding never-coated virgin films, were stud-
ied.

EXPERIMENTAL
Test samples

Magnetic tapes selected for this study are shown in
Figure 1(a) and (b). These tapes are representative of
the two basic types of MP tapes in which magnetic
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TABLE 1
Sample Matrix: Symbols and Thickness (um)

Substrate + front

Substrate +

Width (mm) Tape coat back coat Substrate Never-coated substrate film?®
12.67 MP-DLT MP-DLT/SF MP-DLT/SB MP-DLT/S T-PET(2)
8.9 ~ 8.6 ~6.5 6.1 6.1
12.67 MP-LTO MP-LTO/S T-PEN
8.9 6.1 6.1
8 ME-Hi8 ME-Hi8/SF ME-Hi8/SB ME-Hi8/S T-PET(3)
10.46 ~10.06 ~10.3 9.9 9.9
6.35 ME-MDV ME-MDV/S T-PEN(2)
5.26 47 47

@ T-PEN corresponds to the sample in Refs. 7 and 8. T-PEN(2), T-PET(2), and T-PET(3) correspond to the sample in Ref. 11.

particles are dispersed in a polymeric binder; and ME
tapes in which continuous films of magnetic materials
are deposited onto the substrate using vacuum tech-
niques. Both of the MP tapes used in this study, MP-
DLT with 6.1 mm PET substrate and MP-LTO with 6.1
mm PEN substrate, have a total thickness of 8.9 mm.
The substrate for ME-Hi8 is 9.9 mm thick PET, and
that for ME-MDYV is 4.7 mm thick PEN.

PET and PEN films are commonly used as magnetic
tape substrates, and have been widely studied."”*'%'3
Their chemical molecular structures are shown in Fig-
ure 1(c). The glass-transition temperatures (T,) for the
PET and PEN substrates are about 80 and 120°C, re-
spectively.®'%!® The typical crystallinities for PET and
PEN films are about 40-50 and 30-40%, respectively.®
Information about the specific chemistry of the mate-
rials used in the front coats and back coats is not
available from the manufacturers. However, based on
Bhushan,' the front coat may consist of a single mag-
netic layer, as in the cases of single-layer MP tapes.
Their composite magnetic layers consist of magnetic
particles, a polymer binder, and a lubricant. The MP
tape magnetic layer also consists of abrasive (mostly
alumina) and conductive carbon particles. The front
coat may also consist of a magnetic layer and a non-
magnetic polymer underlayer, as in the case of dou-
ble-layer MP tape. For ME tapes, the front coat con-
sists of a magnetic layer, a diamond-like carbon coat-
ing (DLC), and a lubricant layer. The ME tape
magnetic layer is a continuous thin film of Co—Ni—O
deposited by evaporation. The back coat consists of
carbon black in a polymeric binder.

The symbols of the samples are listed in Table L
They include the following layer formats:

» Magnetic tapes as cut from the cassettes

« Substrates (front coat and back coat removed) (S)
« Substrate plus front coat (back coat removed) (SF)
« Substrate plus back coat (front coat removed) (SB)
 Never-coated virgin substrate film

To obtain the substrate for the MP tapes, methyl
ethyl ketone (MEK) was used to remove the front coat

and back coat. This involved placing the tape on a flat
piece of glass and rubbing both sides of the tape
longitudinally with a paper towel saturated with MEK
until only the transparent PET substrate remained.
The substrate for the ME tape was obtained in a sim-
ilar manner. However, MEK could be used to remove
only the back coat of the ME tape. A 2% hydrochloric
acid solution was used to remove the front coat. This
procedure involved dipping the ME tape into the so-
lution until the metal-evaporated coating could be
rubbed off.

Removing the back coat of the MP and ME tapes
without removing the front coat involved spreading a
thin bead of distilled water on a glass plate. The tape
specimen was then placed front coat down in this
bead of water. All excess water around the edges of
the tape was soaked up with a paper towel. The back
coat could then be carefully removed using MEK, and
the thin film of polar water molecules between the
glass plate and front coat of the tape helped prevent
the nonpolar MEK molecules from dissolving the front
coat. Removing the front coat on the MP and ME tapes
without removing the back coat involved the same
procedure. All the samples were left in ambient con-
dition (24-26°C, 30—-60% RH) for at least 4 days before
testing.

Test apparatus and procedure
DMA tests

A Rheometrics (Piscataway, NJ) RSA II dynamic me-
chanical analyzer was used to measure the dynamic
mechanical properties of the polymeric films."*'* The
analyzer was used in an autotension mode with a
static force (~ 0.25% strain in this study) on the sam-
ples to prevent the thin films from buckling during
application of the dynamic strain. Rectangular sam-
ples [6.35 X 22.5 mm (width X length)] were used. In
this mode, samples are fastened vertically between the
grips and a sinusoidal strain is applied to the speci-
men, and the corresponding sinusoidal load on the
sample is measured by a load cell. Frequency/temper-
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ature sweep experiments were performed for a 0.1 to
182 rad s~ ' (0.016 to 28 Hz) range, and 14 data points
were taken for each frequency sweep at 11 different
temperature levels ranging from —50 to 150°C for the
PET films and corresponding tapes, and 14 tempera-
ture levels ranging from —50 to 210°C for PEN films
and corresponding tapes. The temperature increment
was 20°C, and the soak time for each temperature
level was 10 s. For PET and PEN films, the upper
limits for test temperatures were selected to cover the
peak temperatures for loss tangent related to glass-
transition temperatures.

Because the polymeric films are viscoelastic, there
will be a phase lag between the applied strain and the
measured load (or stress) on the specimen. The stor-
age modulus E’ is therefore a measure of the compo-
nent of the complex modulus, which is in phase with
the applied strain, and the loss modulus E” is a mea-
sure of the component that is out of phase with the
applied strain. The in-phase stress and strain result in
elastically stored energy that is completely recover-
able, whereas out-of-phase stress and strain result in
the dissipation of energy, which is nonrecoverable and
is lost to the system. The loss tangent tan 6 is simply
the ratio of the loss modulus to the storage modulus.'
Equations used to calculate the storage (or elastic)
modulus E’ and loss tangent tan & are as follows:

E’ = cos s[j (1)

E" = sin 5[:] )
Bl = (B ®)
tan 8 = E— 4)
e=, o=FK, 5)

where E’ is the storage modulus, E” is the loss (or
viscous) modulus, E* is the magnitude of the com-
plex modulus, € is the applied strain, o is the mea-
sured stress, 6 is the measured phase angle shift be-
tween stress and strain, D is the displacement from the
strain transducer, K, is a stress constant equal to 100/
(width X thickness of the sample),'* L is the length of
the sample, g is the gravitational constant (9.81 m s?),
and F is the measured force on the sample from the
load cell. The T-PET(2) sample was measured a num-
ber of times to check for the reproducibility. Repro-
ducibility of E’ and loss tangent was found to be about
*+5 and *3%, respectively.
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Figure 2 Schematic of creep test apparatus.'®

Longitudinal creep tests

Long-term creep characteristics of tape samples were
evaluated using the test apparatus shown in Figure
2.71° The apparatus was placed in an environmental
chamber to measure the properties of interest at ele-
vated temperature and/or humidity levels. The appa-
ratus consisted of four load beams (only one is sche-
matically shown in Fig. 2) placed on a knife edge; by
using four beams, four samples can be measured at a
time. The film sample was vertically attached between
one end of the load beam and the base. The load beam
was adjusted on the knife in the lateral direction to
keep the sample straight in the vertical direction. A
linear variable differential transformer (LVDT) was
connected to the other end of the load beam to mea-
sure deflection attributed to the creep deformation of
the film sample, and the output was recorded on a
personal computer (PC). The load was remotely ap-
plied on the load arm using a pneumatically con-
trolled mechanism, given that the apparatus was
placed in an environmental chamber. The dead weight
was attached to a ring that was connected to a hook
placed on the load beam. The ring was moved up or
down in the vertical direction by moving the loading
frame pneumatically, so that the hook was released or
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engaged, and the dead weight was removed from or
applied to the load beam, respectively. A counterbal-
ance load was applied near the sample end to have no
load on the sample before a desired load was attached.
The load experienced by the sample was calibrated by
placing a weight on the load beam at the sample
clamp region while the load beam was flat, for a range
of loads on the other end. The LVDT reading was also
calibrated by directly measuring the displacement at
the sample end using a micrometer gauge, and com-
paring that to the LVDT reading.

The virgin substrate samples were cut into 190
X12.7-mm (%—in.) strips to accommodate the creep ap-
paratus, and the width of all other samples was the
same as that of the tape from which the sample came.
Resulting strain was determined by measuring the
change in length of the samples relative to their orig-
inal length. Before attaching the samples, the environ-
mental chamber was turned on to stabilize the tem-
perature and humidity and allow the creep test appa-
ratus to be conditioned for 1 h. The samples were then
attached and conditioned at a preset temperature,
without any load, for 1 h. Next, a preload of 0.5 MPa
was applied to the samples by removing a corre-
sponding weight from the pool of preloads, and then
the samples were conditioned for stabilization in an
environmental condition. During this stabilization pe-
riod of typically 2 h, the output signals were moni-
tored until they were steady. The conditioning proce-
dure, for instance, has an effect on the creep behavior
that the sample has lost its long-term memory and
currently remembers loads applied in its immediate
past history."”” All creep tests were performed at a
constant load of 7 MPa. This stress value was chosen
because it is a typical stress applied to tapes in tape
drives during use, and has been shown to keep the
creep deformation in the linear viscoelastic regime."
Given that 55°C is the upper limit of the operating
envelop for magnetic tapes, the maximum tempera-
ture used for creep experiments was 55°C. The long-
term creep measurements were performed at 25, 40,
and 55°C for a period of 50 h, uncontrolled humidity
(50 to 60% RH, 15 to 25% RH, and 5 to 10% RH,
respectively). Short-term creep measurements were
also reported at 12 min. Creep measurements were
made in the machine direction (MD) of the films be-
cause stress is applied along the MD direction during
operation and in a wound reel for a magnetic tape,
which corresponds to the MD of the substrate films.”

Equations used to calculate the strain €(f) and creep
compliance D(t) are as follows:

Al(t
o) = -1 (6)

and
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o(t) _ Al()

D(t) = o (7)

ol

where Al(t) is the change in length, [ is the original
length, and o is the constant applied external stress.

Poisson’s ratio, lateral creep, and hygroscopic
expansion

Figure 3(a) shows the schematic diagram of the exper-
imental apparatus developed to conduct the Poisson’s
ratio measurement.””"' An opaque sample, 280 mm
long and 12.7 mm wide, loaded at one end, and fixed
to a microgauge at the other end, was wrapped over a
curved quartz glass (85 mm radius). The polymeric
substrate was sputter coated with a gold coating (~ 5
nm thick), so that it was opaque and measurement
could be made. The laser scan micrometer (LSM) sys-
tem (transmitter, L.S5041T; receiver, LS5041R; and con-
troller, LS5501; Keyence Corp., Osaka, Japan), with an
absolute accuracy of 2 um and a resolution of 0.05 um,
was used to measure the changes in the width of the
sample. Figure 3(b) shows details of the measurement
area. The curved glass supports the sample and pre-
vents puckering in the transverse direction (TD) under
a longitudinal stress. To achieve this, the sample
should have good contact with the curved glass at
least at the measurement point. On the other hand, the
polymer film tends to stick to the curved glass, espe-
cially when the humidity is high. This induces extra
static friction force, and prevents the uniform distri-
bution of the stress over the length of the sample. In
this work, the sample maintained a “line” contact with
the curved glass by control of the contact angle at
approximately 3-5°.

The experimental apparatus was placed inside a
chamber [Fig. 3(d)] where temperature and relative
humidity were controlled at 25 * 0.5°C and 50 * 2%
RH, respectively. Airflow inside the chamber was also
controlled so that air did not blow directly onto the
sample while maintaining uniform environmental
conditions inside the chamber. The sample was pre-
loaded to a normal load of 0.5 MPa. After the temper-
ature and humidity reached the desired values, the
sample was conditioned for another 30 min before the
test was started. Calibration tests showed that, under
a stress of 0.5 MPa, the lateral dimensional change of
the sample after 30 min for a period of 20 h was within
0.2 um, less than 0.0016% lateral strain. So the samples
could be regarded as having reached equilibrium after
30 min of conditioning.

The LSM was composed of various materials that
change dimension according to the environmental
condition. The scanning position of the laser beam was
determined by the refractive index of the atmosphere
and lens, which was also affected by the temperature
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Figure 3 Schematic of (a) lateral profile measurement apparatus, (b) details of the curved glass for lateral profile measure-

ment, (c) details of the curved glass with a plastic support
functional block diagram of the measurement system."

and humidity. In this work, an aluminum foil sample
(15.4 pum thick; Reynolds, Columbus, OH) was used to
calibrate the systematic error. The foil was slit to about
12.1 mm width. Figure 4 shows the measurement re-
sults of the width of the Al sample affected by the
change of temperature and humidity. The CTE of Al
foil is known to be 23.6 X 10~°/°C for 25 to 50°C. Thus
a 12.1-mm sample should expand 4.3 um from 25 to
40°C. The measurement shows a 3.1 = 0.1 um expan-
sion, so there is a —1.2 um systematic error. To con-
firm that systematic error is the same for various sam-
ples and to determine the accuracy of the measure-
ment, the thermal expansion of a standard
polycrystalline alumina (99.5%) rod sample (10 mm
diameter) was measured at the same conditions (25—
40°C), whereas the humidity remained constant at
50% RH. A support was used to hold the rod sample
over the curved glass. The measured expansion was
—0.5 = 0.1 wm, whereas the theoretical value should
be 0.7 um. Thus the systematic error of the LSM was

for hygroscopic/thermal expansion measurements, and (d)

confirmed as —1.2 um when the temperature changed
from 25 to 40°C and the relative humidity was main-
tained constant at 50%. This systematic error was also
confirmed by the manufacturer. The accuracy and re-
peatability in the width change was established to be
+0.1 wm from these tests on aluminum and alumina
samples. Similarly, the LSM has a systematic error of
about 0.4 um when the relative humidity changes
from 15 to 80% RH at 25°C (Fig. 4). These errors were
subtracted out in the experiments when the measure-
ments for different conditions were compared. The
measured fluctuation at a given condition is about
+0.1 um in Figure 4. This is taken as the relative
accuracy of the measurement of the change in width.
Poisson’s ratio and short-term creep behavior. For the
measurement of Poisson’s ratio, the sample was
loaded in steps over a load range, say from 5 to 42
MPa at a step interval of 7 MPa.”!" At each load level,
the sample was held for 12 min to stabilize the mea-
surement. The width profile was measured by moving
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Figure 4 Effect of (a) temperature and (b) relative humidity
on the width change of Al foil sample for calibration of the
test apparatus. “T” and “RH” represent temperature and
relative humidity, respectively.'!

the sample in the longitudinal direction at a speed of
10 wm/s [for an example see Fig. 5(a)]. By comparing
the profiles at different load levels, and matching the
position of the characterized features, the lateral and
longitudinal displacements of the sample at the corre-
sponding stress were obtained. Thus the longitudinal
and lateral deformation and Poisson’s ratio were cal-
culated as follows:

Temperature = 25 °C, Humidity = 50 %RH

Step interval = 12 min

12670 [y DL S supa]
12.665 ™S 12MPa
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e, Aw/w Awl

“ e A/l Alw ®

where v is the Poisson’s ratio; €, and € are the lateral
contraction and longitudinal elongation, respectively;
w and Aw are the sample width and the decrease of the
width; [ and Al are the sample lengths from the mi-
crogauge to the measuring point and the increase of
the length, respectively. Figure 5(b) shows the longi-
tudinal elongation, lateral contraction, and corre-
sponding Poisson’s ratio for MP-DLT tape (described
below) at 25°C, 50% RH. The results show a good
linear relationship.

Long-term lateral creep behavior. For measurement of
long-term lateral creep behavior, the sample was con-
ditioned at 0.5 MPa for 1 h, and loaded at another 7
MPa for 50 h.!! The width profiles were measured at
various time periods. By comparing the profiles and
matching the position of the characteristic features, the
lateral contraction and longitudinal elongation at var-
ious times were recorded.'' For both Poisson’s ratio
and creep measurement, the nominal test conditions
were set as 25°C, 50% RH. Figure 6(a) and (b) show
typical long-term deformation of T-PET(2) (described
below) raw film.

Hygroscopic expansion. There is no corresponding
ASTM standard for measuring the CHE for polymeric
film. The most commonly used method is according to
the Technical Association of the Pulp and Paper In-
dustry (TAPPI) Useful Method 549, like Neenah Mul-
tiple Specimen Paper Expansimeter (Adirondack Ma-
chine Corp., Glens Falls, NY).1 The typical reading
accuracy for this expansimeter is *13 um, over a
sample size of 127 mm (up to 254 mm), which converts
to a relative accuracy of £10~* for the measurement.
The LSM technique has an extreme high accuracy, as
+0.1 um for a typical sample size of 12.7 mm (up to 40

Temperature = 25 °C, Humidity = 50 %RH
Step interval = 12 min
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o

Figure 5 (a) Width profiles of MP-DLT tape at various stresses. Arrows indicate a typical feature in the profile. Profile
matching, by calculating the shifting of a feature, was used to obtain (b) longitudinal elongation, lateral contraction, and

Poisson’s ratio.'



1326

BHUSHAN AND TAO

Temperature = 25 °C, Humidity = 50 %RH, Stress = 7 MPa in MD
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Figure 6 Longitudinal elongation and lateral contraction of T-PET(2) film."!

mm of accurate scanning range), which corresponds to
+107" relative accuracy for the measurement, which is
higher than that of the expansimeter method.”!"

Figure 3(c) shows the details of the sample and
curved glass, set for CHE measurements. A 42 X 12.7
mm (length X width) sample was loaded in the ma-
chine direction (MD). The dimension in the transverse
direction (TD) of the sample was measured as the
humidity changed from 15 to 80% RH, whereas the
temperature was controlled at 25 £ 0.5°C. The CHE in
TD was thus obtained. The load was about 50 kPa,
within the range recommended by ASTM E831-93 and
D696-98 standards,'® and is not supposed to result in
significant creep of the sample during the test. The
reproducibility of the technique was found to be
within 0.5 X 107%/% RH. Two hygroscopic cycles
were carried out on each sample.

Thermal expansion tests

The LSM apparatus was also used to measure the
CTE.” However, the temperature range limited by the
LSM was below 45°C. Over such a small temperature
range, the measurement error should be large, and
does not provide reliable data. Instead, a commer-
cially available standard thermomechanical analysis
(TMA) device TA2940 (TA Instruments, New Castle,
DE) is commonly used and was used in this study to
measure CTE.'*™2 In this instrument, the sample was
mounted between a static stage and a floating probe
and heated with a heater. The dimensional change of
the sample was recorded by the LVDT. The force
applied on the sample was controlled by the stepper
motor and corresponding load control. The typical
sample size in this study was 3 X 40 mm; after clip-
ping, the gauge length of the sample was approxi-
mately 25.5 mm. For the samples cut in the TD of
tapes, the sample length was 12.67 mm and the gauge
length was about 8.7 mm. The temperature ranged
from 10°C (precooled) to 70°C, at a heating rate of

3°C/min. A constant 3¢ force was applied to the sam-
ple to keep it flat and stable.

After the dimensional change of the sample was
measured, it was converted to the CTE as

Al
o = m (9)
where Al and [ are length change and the original
length at 10°C and AT is the temperature range. Ac-
cording to ASTM E831-93,'¢ the measured CTE during
the first 20° of the test (10-30°C) was regarded as
unstable, and was not used in the discussion in this
study. The data were then converted by replacing the
original length in eq. (9) to the length at 30°C, so that
the data would coincide with zero expansion at 30°C.
Aluminum foil [15.4 um thick; CTE = 23.6 X 10~ ¢/°C
(Reynolds)] was used to calibrate the instrument. The
results of three repeated tests on this foil were 23.6,
23.4, and 23.6 X 10°/°C. The TMA was thus proved
to have a good repeatability.

Rule-of-mixtures approach

Because magnetic tapes consist of multiple layers, they
resemble polymer composite laminates.”*''* Gener-
ally they can be regarded as a three-layer composite as
shown in Figure 7. The rule-of-mixtures method can
be used to predict the elastic mechanical properties of

{ TD
f Front coat

[} /
S Y Substrate
b Back coat _MD

Figure 7 Nomenclature used for rule-of-mixtures equa-
tions.
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the whole tape if the data for each layer are known,
assuming that there is perfect bonding between each
layer, that is, assuming isostrain.!” Based on this rule

O-tAf = UfAf+ O-sAx + O-bAb (10)

where 0, 0 0, and o, are the stresses in the entire
tape, front coat, substrate, and back coat, respectively.
Ay, Ay Ay, and A, are the cross-sectional areas of the
tape, front coat, substrate, and back coat, respectively.
And

Ed = E;f + Eis + Eyb (11)

where E,, E;, E,, and E, are the Young’s moduli of the
tape, front coat, substrate, and back coat, respectively;
and ¢, f, s, and b are the thicknesses of the correspond-
ing layers.

For any two combined layers, similar equations ap-
ply, such as

En(f+5) = E;f + Es (12)

where Ef is the Young’s modulus of the combined
layers of substrate plus front coat.

If we know two of the moduli in eq. (12), for exam-
ple E and E,, and the thickness of each layer, we can
calculate the third modulus, say Ex

The creep compliance relationship between layers
for the tape can also be deduced from egs. (7) and (10)
as

St ot (13)

where D,, Dy, D,, and D, are the creep compliances for
the tape, front coat, substrate, and back coat, respec-
tively.

As was done for the three-layer case, one can deter-
mine equations for the compliance of the front coat in
terms of the measured compliance values for the com-
bined front coat and substrate as well as the substrate
itself:

f+s f 5
==+ — (14)
D. D; D,

where Dy, is the creep compliance of the combined
front coat and substrate.

RESULTS AND DISCUSSION
DMA results

Figure 8(a)-(d) show representative storage moduli
and loss tangents as a function of frequency and tem-
perature for various materials.'* High storage modu-
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lus indicates high elastic stiffness. From the three-
dimensional surface representations of storage modu-
lus, it can be seen that higher elastic moduli
correspond to higher deformation frequencies and
lower temperatures. High loss tangent indicates
greater viscoelastic behavior of the material, or that
more energy is dissipated during the deformation. For
a general comparison, Table II summarizes the storage
moduli of various samples at 0.016 and 28 Hz, 25°C.

In Figure 8(a), the storage moduli of the five MP-
DLT samples show a similar trend, that is, the rate of
decrease of storage moduli as a function of tempera-
ture is low before it reaches about 70°C; then the rate
suddenly increases and storage moduli decrease to a
low level, as the material transits from a glassy to a
rubbery state. This change corresponds to the charac-
ter of the loss tangents in Figure 8(b), where the loss
tangent remains low below 70°C, indicating that a
small amount of energy is dissipated, after which the
loss tangent begins to rise at 70-90°C and peaks at
110-130°C. These tendencies and critical temperatures
are identical in all the MP-DLT samples including
tape, combined layers, substrate, and the virgin film
T-PET(2). This demonstrates that the dynamic me-
chanical property of magnetic tape is generally gov-
erned by its substrate material.

By comparing the details of loss tangent data for
MP-DLT samples in Figure 8(b), it can be seen that the
data for the tape are slightly higher than those for the
substrate, covering a wide vertical range as the fre-
quency changes, especially at temperatures close to T,.
This makes the onset temperature [extrapolation of the
loss tangent curve at maximum slope, as shown in Fig.
8(b)] for MP-DLT tape lower than that for the sub-
strate, although the peak temperatures of the loss
tangent for these two samples are still the same. The
magnitude of loss tangent for the tape is higher than
that for the substrate when the temperature is below
T,. Thus, the MP-DLT tape shows slightly higher vis-
coelastic behavior than that of the substrate. It should
be noted that the magnetic tape can be regarded as a
multilayer composite. The energy dissipated during
the sinusoidal loading comes not only from its com-
posing materials, but also from the interface.

The statement that the dynamic mechanical property
of magnetic tape is governed by its substrate material
also applies to the ME-Hi8 sample [Fig. 8(c) and (d)],
although the storage moduli for ME tapes were found to
be higher than that for the substrate. For ME tapes, no
obvious difference was found between the loss tangents
for tapes and for their substrates.

By comparing the storage moduli data for MP-DLT
and ME-HiS8, it can be seen that the storage moduli for
MP samples in a wide range of frequencies are higher
than those for ME samples. For example, the storage
moduli for the MP-DLT tape and substrate at 30°C, 28
Hz were 8.2 and 7.8 GPa, respectively, whereas the cor-
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TABLE 11
Summary of Properties for Various Samples in MD
E' (GPa) at Lateral
25°C, 45-55% Longitudinal contraction®
CTE (X1076/ CHE (><1076/ RH elongationa (D/o) (o/o)
°C) at 25-35% % RH) at 25°C 0.016 28 Poisson’s 12 12

Sample RH (30-40°C) (15-80% RH) Hz Hz ratio™® min 50 h min 50 h
MP-DLT 3.8 10.9 7.2 8.2 0.24 0.099 0.105 0.027 0.031
MP-DLT/F 9.9 10.3 12.0
MP-DLT/B 12.0 12.6 15.0
MP-DLT/S -2.6 7.3 7.9 0.34 0.118 0.124 0.036 0.040
T-PET(2) —45 13.0 7.1 7.5 0.32 0.100 0.113 0.033 0.034
MP-LTO 1.8 10.7 7.1 9.1 0.29 0.109 0.123 0.037 0.041
MP-LTO/S -35 6.5 8.6 0.37 0.130 0.144 0.045 0.052
T-PEN —6.3 10.6 6.6 9.0 0.38 0.136 0.158 0.047 0.055
ME-Hi8 9.9 6.6 6.4 6.8 0.20 0.148 0.163 0.028 0.029
ME-Hi8/F 7.1 140 153
ME-Hi8/B 15.3 46 49
ME-Hi8/S 13.5 4.7 49 0.21 0.172 0.177 0.042 0.044
T-PET(3) 14.3 8.9 44 4.7 0.21 0.167 0.173 0.035 0.038
ME-MDV 9.9 6.9 6.3 7.6 0.20 0.114 0.132 0.024 0.025
ME-MDV/S 12.3 52 6.7 0.19 0.168 0.190 0.035 0.042
T-PEN(2) 124 3.0 4.6 5.9 0.23 0.191 0.195 0.039 0.044

2 Test condition: 25°C, 50% RH.

b Measured at a stress range from 5 to 40 MPa, stress step of 7 MPa, and time interval of 12 min.

responding data for the ME-Hi8 tape and substrate were
6.9 and 4.9 GPa, respectively. The differences in the
moduli of the tapes primarily originate from differences
in the moduli of substrates. The selection of the substrate
is determined by the tape application. The MP tapes in
this study were used in linear drives, whereas the ME
tapes were used in rotary drives. In the case of linear
drives, high elastic modulus along the longitudinal di-
rection is required for thinner substrates to avoid stretch-
ing. In the case of rotary drives, the track is written along
an axis at an angle, on the order of 5°, to the tape length.
The lateral deformation is more important than the lon-
gitudinal direction of the tape in the rotary drive system,
given that the tension in the lateral direction is higher
than that in the longitudinal direction. Thus the sub-
strates for ME tapes are generally “balance” drawn or
slightly tensilized along the transverse direction (TD),
not like the substrates for MP tapes that are highly ten-
silized in MD.

As a summary, the dynamic mechanical property of
magnetic tape is governed by its substrate material.
MP tapes show slightly greater viscoelastic behavior
than that of their substrates, whereas there are no
obvious differences between the viscoelastic behavior
of ME tapes and their substrates. The PEN-based tapes
have good elastic stiffness at high frequency and low
temperature, whereas the PET-based tapes have low
loss tangents and stable moduli below the T, temper-
ature. The substrates for MP tapes were selected to
have high moduli along the longitudinal direction,
whereas this is not the top priority for the substrate for
ME tapes.

Master curves of storage modulus

Based on the storage modulus data in Figure 8, master
curves of storage moduli for finished tapes, substrates,
and virgin films (storage moduli data for MP-LTO and
ME-MDYV are not included) were generated by apply-
ing the technique known as frequency-temperature
superposition.>'® Using this technique, storage mod-
uli measured at the elevated temperatures are super-
imposed to predict the behavior at longer time periods
(lower frequencies) at a reference temperature of 30°C.
The results are presented in Figure 9. The technique
gives a wide perspective on the storage moduli for the
tape and substrates. Also, we can have a clear com-
parison between the substrates and the virgin films,
and see the effects of the tape manufacturing process
on the storage moduli of substrates.

Calculation of mechanical properties of individual
layers

Applying the rule of mixtures [eq. (12)] to the data of
substrate and combined layers (substrate plus front
coat or substrate plus back coat), the mechanical prop-
erties of the individual layers, say front coat or back
coat, can be calculated. The calculated storage moduli
for individual layers are plotted in Figure 9. The figure
shows the calculated storage moduli for front coat and
back coat. Both the front and back coats in MP-DLT
tape have higher storage moduli than that of the sub-
strate. The back coat shows constant modulus over a
wide frequency range, which is not seen for other
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Figure 9 Master curves of storage moduli for

materials in this study. The abnormally high values
around 10~ '° Hz for the back coat may come from the
measurement error. The behavior of the substrate at
this frequency is comparable to its behavior at the
temperature around T,. The increased deformability
of the substrate may affect the accurate DMA mea-
surement on the combined layers. The calculation re-
sults for ME-Hi8 samples show that the front coat has
a significantly higher storage modulus, on the order of
100-200 GPa. It is reasonable that the front coat has a
much higher storage modulus than that of the sub-
strate because the front coat contains DLC, which is
supposed to have extremely high stiffness.

It will be shown later that for calculation of CTE for
the individual layers, we would need complex moduli
for the various samples. Trends for the complex mod-
ulus are expected to be similar to those for the storage
modulus.

Effect of the tape manufacturing processing on the
DMA of substrate films

From DMA results, based on Figure 9 and Table II, it
is interesting to note that for all four tapes, none of the
substrates showed degradation compared to the vir-
gin film; instead, most of substrates showed strength-
ened storage moduli after manufacturing. Studies
have shown that the annealing of the polyester film
under T, does not result in a significant decrease in
mechanical properties,"'*?° whereas Gillmor and
Greener®' found that annealing treatment on PEN
films resulted in lower loss tangent at the a-relaxation,
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various samples and corresponding layers.

and a lower decrease in relaxation moduli (moduli at
very low deformation frequencies).

All the substrate films used in this study were bi-
axially oriented, and were metastable in two respects.
First, the percentage crystallinity of the film was much
lower than the equilibrium crystallinity content. When
the temperature was high, the molecular segments in
amorphous region tended to move and form oriented
chains or even crystallize to reduce the system en-
tropy. High crystallinity resulted in high mechanical
properties. Second, amorphous regions of the film
contained a frozen-in strain, which tended to relax and
cause the film to contract." Annealing under T,, which
occurs during the tape manufacturing, helps to ther-
mal-set the film and increase the dimensional stability.

On the other hand, when the temperature is higher
than the glass-transition temperature, the main chain
of the polymer film molecules will have enough en-
ergy to move and rotate. As a result, the biaxially
oriented structure could be significantly affected. The
mechanisms of thermal degradation include the resid-
ual stress relaxation, recoiling of molecule segments,
and selected-chain scission or random-chain scis-
sion.”? Stress relaxation also reduces the anisotropy of
the film’s mechanical properties. This effect is, obvi-
ously, more significant for the films that are highly
tensilized in one direction, say MD. Because the MP-
DLT and MP-LTO tapes are used for linear drives, the
substrates T-PET(2) and T-PEN are more stretched in
MD than in TD. The effect of strengthening and weak-
ening of the MP tape manufacturing process thus
seems to counteract the stress relaxation effect, and
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Temperature = 55 °C, Humidity = 5-10 %RH
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Figure 10 Schematic diagrams of “toe” compensation: (a) raw data from short-term creep test, (b) compensation of loading

for T-PET(2) film.

there is almost no change to the storage moduli be-
tween the substrates and the virgin films. In the case of
ME tapes, the balance-drawn films were less affected
by the residual stress relaxation than those tensilized
films used for MP tapes. Thus, both the ME tape
substrates show strengthening compared to the virgin
films. The reason that the T-PEN(2) film shows greater
strengthening than T-PET(3) film comes from the fact
that PEN films contain a more extensive amorphous
region, and have a larger driving force for stress re-
laxation and recrystallization at elevated temperature,
than PET films.

Long-term longitudinal creep tests

Calibration and compensation of the experimental
deformation at 7 MPa

During the longitudinal deformation tests, the strain
in 7 MPa stress range at the initial loading duration
was not stable, which covered the so-called toe region in
the engineering strain-stress curve (ASTM 882-97'°).
According to ASTM standards, the deformation of the
sample in the low-stress range, either loading or un-
loading, contains an artifact that is caused by a take-
up of slack, and alignment or seating of the specimen,
which does not represent a property of the material
(Fig. 10, left curve). To give quantitative demonstra-
tion, we first define a term, viscoelastic modulus, as
the stress amplitude divided by the strain amplitude
over a period of loading. The period should avoid the
unstable loading zone. In this study, 15 s was chosen.
The viscoelastic modulus represents the combination
of elastic and viscoelastic properties of the films. Al-
though the moduli should be a stable value for linear
viscoelastic samples, stable experimental moduli are
obtained only when the stress is higher than a certain
value (“toe” stress value). Very careful sample mount-
ing may reduce this value. Because of the existence of
the toe stress, when a load is applied on the sample,

the real stress in the sample deviates from the calcu-
lated value, although the deviation amplitude is un-
certain. However, throughout the test period, the de-
viation amplitude is a constant. That is, the experi-
mental creep compliance curve shifts a constant value
from the expected curve attributed to the toe stress.

To remove the effects of toe region, compensation
was made by applying the stable viscoelastic modulus
to calculate the theoretical initial strain and creep com-
pliance at a 7 MPa stress span. To obtain the theoret-
ical initial strain at a 7 MPa stress, tests were per-
formed on a sample identical with the creep test sam-
ple. The test conditions (temperature, humidity, and
conditioning time) should be the same as those of the
creep test. The tests were performed using the follow-
ing steps.

After conditioning without preload for 1 h and then
with 0.5 MPa load for an additional 2 h, the sample
was preloaded at 5 MPa for 0.5 h at corresponding
temperature and humidity. Then an extra 7 MPa load
was applied and the strain at 15 s was recorded. The
viscoelastic modulus of this sample at 15 s, corre-
sponding to a preload stress of 5 MPa, was calculated
from dividing the applied stress of 7 MPa by the strain
increment after the 7 MPa load. The load on the sam-
ple was removed and the sample was allowed to have
a short recovery period (about 5 min). A 10 MPa load
was applied on the tape for 0.5 h, after which an extra
7 MPa was added. Again the strain at 15 s was mea-
sured and was used to calculate the viscoelastic mod-
ulus of this sample at a preload stress of 10 MPa. This
process was continued at elevated load up to 25 MPa.
Thus five values of the viscoelastic moduli as a func-
tion of stress were obtained. For the purpose of dem-
onstration, viscoelastic moduli of samples from MP-
DLT and ME-Hi8 are shown in Figure 11. The moduli
at stable stress range were then averaged to obtain the
final viscoelastic modulus for each film at each tem-
perature.
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Temperature = 25 °C, Humidity = 45-55 %RH
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Figure 11 Viscoelastic moduli for MP-DLT and ME-Hi8 samples as a function of average stress at 25°C, 45-55% RH (loading

period: 15 s).

The creep compliance compensation procedure is
schematically illustrated for T-PET(2) film in Figure 10
(right curve). The compensation was achieved by
shifting the original creep compliance curve (left
curve) to the value at 15 s, which was obtained by
taking the inverse of the viscoelastic modulus value.
In the example shown, the creep compliance of T-
PET(2) film at 15 s is 0.157 GPa ' for viscoelastic
modulus value of 6.37 GPa.

Long-term creep behavior

Creep compliance as a function of time for various
samples at 25°C/50% RH, 40°C/25% RH, and 55°C/
10% RH are shown in Figure 12(a)-(c). Both linear
scale and log-log scale plots are presented in the fig-

ure. Compared to linear scale plots, which give gen-
eral information during the whole 50-h period, log-
log scale plots provide more detailed information on
the initial creep period. The values of creep compli-
ance at 50 h are also listed in Table II.

From the creep compliance of MP-DLT shown in
Figure 12, it is found that the trends of creep between
different samples are similar at 25 and 40°C. That is,
the substrate has the highest creep, which is followed
by SB composite. The SF composite has the lowest
creep. The creep value of the tape is between that of
the SB composite and that of the SF composite. At
55°C, however, the creep compliances of the substrate
and SB composite decrease with time after the initial
elongation, and the substrate exhibits the lowest creep.
At the same time, creep compliances of the tape and
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Temperature = 25 °C, Humidity = 50 %RH, Stress = 7 MPa
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and logarithmic scale.

SF composite continue to increase with time. For ME-
His8, the creep of the SB composite is lower than that of
the substrate but higher than that of the tape and SF
composite. The SF composite maintains the lowest
creep at all test temperatures. For MP-LTO and ME-
MDYV, a stable relationship of creep between samples
is maintained at all test temperatures; that is, sub-
strates always have higher creep than that of the other
composites.

By comparing the creep of virgin polymeric film
with that of the substrates from the tape, it was found
that T-PET films have lower creep than that of corre-
sponding substrates, whereas PEN films have higher
creep than that of the tape substrates. The change is
attributed to the manufacturing process and the na-
ture of the films. The only exception is T-PET(2) and
corresponding substrate from the tape at 55°C. The
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Creep compliance measurements for various tape samples at (a) 25°C, (b) 40°C, (c) 55°C, plotted on linear scale,

creep compliance of T-PET(2) almost remains constant
over the test period after the initial elongation. This
means that both creep and shrinkage occur simulta-
neously and the film maintains an equilibrium condi-
tion at 55°C. The shrinkage is caused from the relax-
ation of residual stress in the highly tensilized mate-
rial. The corresponding substrate, however, exhibited
apparent shrinkage after the initial deformation,
which shows that the relaxation of residual stress in
T-PET(2) is accelerated after the tape manufacturing.

MP tapes (MP-DLT and MP-LTO) show better di-
mensional stability than that of ME tapes (ME-Hi8 and
ME-MDV) at lower temperature. In particular, MP-
DLT maintains good stability at all test temperatures.
As discussed in DMA test results, MP-DLT and MP-
LTO are used in linear drives. The linear drive re-
quires the tapes to avoid stretching in the machine
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Temperature = 40 °C, Humidity = 25 %RH, Stress =7 MPa
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Figure 12 (Continued from the previous page)

direction under operating tension. For this reason, the
substrates for MP-DLT and MP-LTO are highly tensil-
ized in the machine direction.

Master curves of creep compliance

Using the time-temperature superposition tech-
nique,"”'® master curves of creep compliance for all
tested samples [see Fig. 13(a)] were generated from
the test results in Figure 12. A reference temperature
of 25°C was taken, and the creep compliances at 40
and 55°C were shifted to generate long-term creep
compliance up to 10° h.

Calculation of creep compliance of individual layers

The creep compliances of front coat and back coat
were calculated from the creep test results of the com-

posite and the substrate using the rule of mixtures for
MP-DLT and ME-Hi8. The results are shown in Figure
13(b). From the figure, both front coat and back coat of
MP-DLT have lower creep than the substrate before
10° h. After that, the substrate shrinks, whereas the
front coat and back coat continue to elongate. The
creep of each individual layer of ME-Hi8 increases
monotonically with time. The front coat of ME-HiS8 is
found to have much lower creep than that of the
substrate and the back coat. This trend corresponds to
the extremely high storage modulus of the front coat
calculated from the DMA test results. To show the
correctness of the rule of mixtures, the creep compli-
ance of the finished tape for MP-DLT and ME-Hi8 was
calculated and compared with the experimental value.
The comparison is shown in Figure 13(c). A good
match between the calculated result and experimental
value was obtained.
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Temperature = 55 °C, Humidity = 10 %RH, Stress = 7 MPa
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Figure 12 (Continued from the previous page)

Effect of tape manufacturing processing on the
longitudinal creep compliance of substrate films

It was found that PET films degraded after manufac-
turing, whereas PEN films were enhanced by the pro-
cessing [except for T-PET(2) at 55°C where shrinkage
occurred on the substrate from the tape]. The trends in
change of PEN films after manufacturing are the same
as those in DMA test results. However, the effect of
manufacturing on creep of PET films is different from
that by DMA of PET films. The reason lies in the
difference of T, between PET films and PEN films. The
T, of PEN ﬁlms is about 120°C, whereas the T, of PET
fllms is about 80°C. During the manufacturmg of MP
tapes, the tape is processed at 50-80°C." The temper-
ature is far lower than the Tg of PEN films, although
very close to the T, of PET films. The manufacturing
processes help to thermal-set the tensilized PEN film.

As a result, PEN films become more stable after man-
ufacturing. The manufacturing temperature is so close
to T, of PET film that the properties of PET films could
be slightly influenced. Consequently, in the creep test
the substrates from tape are degraded.

The temperature is higher in ME tape manufactur-
ing than that in MP tape processing, which may be
closer to the T, of PEN. However, the manufacturing
process confers the same effect on the substrates as in
the case of the MP tapes.

Effect of temperature on the longitudinal creep
compliance

To show the relationship between the creep compli-
ance and the temperature, temperature-dependent
creep compliance at 50 h is presented in Figure 14. The
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Figure 13 (a) Creep compliance master curves for all tested samples at 25°C. (b) Creep compliance master curves at 25°C of
front coat and back coat for MP-DLT and ME-Hi8 from calculation, compared with the tape, the substrate, and the virgin film.
(c) Comparison of experimental and calculated creep compliance for finished tapes.

plots in the figure show a linearity of MP-LTO and
ME-MDV. The tape and SF of MP-DLT and the tape
and SF of ME-Hi8 also show good linearity. The creep
compliances of substrate and SB of MP-DLT decrease
at high temperature. The substrate and SB of ME-HiS8,
on the contrary, exhibited a larger creep ratio than that
of tape and SF, and also larger than that of other films.

Poisson’s ratio and lateral creep
Poisson’s ratio

The Poisson’s ratio data for various samples are sum-
marized in Table IL!' Tt should be noted that the

“Poisson’s ratio” is the average value over a stress
range of 5 to 42 MPa, whereas the “lateral contraction”
and “longitudinal elongation” also presented in the
table were obtained at 7 MPa. Thus the Poisson’s ratio
in the table may not be exactly equal to the ratio of
lateral contraction over longitudinal elongation in that
table.

Generally, ME tapes show lower lateral contrac-
tion and lower Poisson’s ratio than those of MP
tapes.

It is interesting to note that the substrates for ME
tapes have low Poisson’s ratios, and are very close to
the Poisson’s ratio of the final tape. Tape manufactur-
ers probably selected the substrate so that there is less
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Figure 14 Temperature dependency of the creep compliance at 7 MPa stress, and 50 h.

strain mismatch between the substrate and ME front
coats.

Lateral creep

Figure 15 shows the lateral creep of the various layers
of the tapes, on both a linear scale and a log-log
scale.!’ Based on the data of the substrate and com-
bined layers (SF and SB), a model was developed by
Ma and Bhushan'' to calculate the lateral creep of the
individual layers of the magnetic tapes. Unfortu-
nately, we need Young’s moduli data for the tape
samples (including combined layers SF and SB) in TD,
and they were not available in this study because of
the sample size. Theoretically, these moduli can be
obtained from the tape web before it is slit.

Next we examine the effect of tape manufacturing
processing on the lateral creep. From the creep test
results, it was found that both T-PET(2) and T-PET(3)
showed slight degradation from the raw film to the
stripped substrates of tapes. Moreover, the T-PEN and
T-PEN(2) showed enhancement after the manufactur-
ing. The change in lateral creep after manufacturing
corresponds well to the longitudinal creep.

Hygroscopic expansion and thermal expansion
Hygroscopic expansion

CHE is another important factor in magnetic media
and other applications."* After all, the environmental
relative humidity changes as dramatically as, if not
more than, the temperature does. Table II summarizes
the data for various samples."" The error of CHE was

estimated to be within =0.5 X 107°/% RH. The CHE
values for MP tapes and substrates were found to be
higher than those for ME tapes and substrates.
Applying the rule of mixtures one may also obtain
the CHE for the individual layers of magnetic tapes,
although it requires the moduli of the sample at var-
ious relative humidities, and requires further work.

Thermal expansion

The CTE data measured by TMA are plotted in Figure
16 and also summarized in Table IL.'! By applying the
rule of mixtures, CTE of individual layers can be cal-
culated from the data of combined layers. For the
original unit length combined layer structure (x, = 1),
after a unit temperature increase (AT = 1), the struc-
ture expands by Ax,. Assuming that the thermal ex-
pansion of the tape samples along MD and TD are
independent, the dimension and stress condition in
TD are not considered in this work. If there were not
interfacial bonding, the free thermal expansion of the
substrate after the temperature increase would be Ax,,
whereas that of the front layer would be Ax. Thus,
there shall be an interfacial shear stress that causes
(Axy — Ax,) deformation in the substrate and (Ax,; —
Axf) deformation in the front layer; that is,

o= (Axy— Ax)Ef = —(Ax,— Ax)Es  (15)
Given that Ax, = ax,AT, we have
Eff(asf_ af) = Ess(as - asf) (16)
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Figure 15 Lateral creep of tapes and tapes with some of the layers removed.

where «, a, and oy are the CTE values of the sub-
strate, front coat, and the composite, respectively. So

we have

(Eff+ Ess)asf = Effaf + Esa, (17)

By considering eq. (12), we finally obtain

Esf(f+ S)asf = Effozf + Essas

1341

(18)

In the case that Esf, fs, o Ef, oy, E,, and o, are known,
we can calculate oy, the CTE of the front coat layer,

and, similarly, the CTE of the back coat.

The rule of mixtures is based on an “isostrain”
assumption. For a composite during thermal expan-
sion, the strain includes both elastic and viscoelastic
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Figure 16 Coefficient of thermal expansion as a function of temperature for various samples.

parts. Thus the complex modulus, instead of storage
modulus, was used in the rule of mixtures calculations
of CTE for the individual layers. The complex moduli
can be calculated from the test at 0.016 Hz and 30, 50,
and 70°C. The CTE values of front and back coats of
MP-DLT and ME-Hi8 are calculated and listed in Ta-
ble II. The data are on the same order as those of the
substrate, whereas the CTE for front coats is lower
than that for back coats, for both MP and ME tapes. In
MP-DLT samples, the CTE of the substrate is negative
all through the 30 to 70°C temperature range, showing
that T-PET(3) has a large residual stress that continues
to relax during the heating. The CTE for the front coat
shows a sudden shrinkage at high temperature (60—
70°C). Considering the stable data of the substrate and
back coat, it is reasonable to believe that the shrinkage
of the tape at 60-70°C is contributed by the front coat.
In the ME-Hi8 sample, all the layers and the tape show
constant positive CTE through the testing temperature

range, which indicates that the residual stress along
the MD does not exist in any layers of this tape.

Summary of the properties for tape samples
Mechanical properties

Figure 17(a) summarizes the storage moduli of vari-
ous samples at 0.016 and 28 Hz at 25°C, where the data
are linearly interpolated from the storage moduli data
at 10 and 30°C from DMA testing. Other relevant
mechanical properties, the Poisson’s ratio, longitudi-
nal elongation and lateral contraction for the various
samples are shown in Figure 17(b)—-(d). In Figure 17(a)
and (b), tapes show similar properties with their sub-
strates. The storage moduli for PEN-based tape, MP-
LTO and ME-MDYV, increase significantly as the de-
formation frequency increases, which are identical to
the storage moduli as a function of deformation fre-
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quency for PEN substrates in this work and in a pre-
vious DMA study.® The Poisson’s ratio for the ME
tapes, ME-Hi8 and ME-MDV, was found to be around
0.20, very close to that for the corresponding sub-
strates, T-PET(3) and T-PEN(2). Poisson’s ratios for
MP tapes were slightly lower than those for their

substrates. The viscoelastic properties in Figure 17(c)
are slightly different from the elastic properties in
Figure 17(a). The MP-DLT/S and ME-Hi8/S show
slightly weakened viscoelastic properties compared to
those of the virgin films, whereas there is either no
change or a slight strengthening in elastic moduli.
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However, the MP-LTO/S and ME-MDV /S show ob-
vious strengthening compared to that of PEN films.
The lateral creep data in Figure 17(d) show results
similar to those in Figure 17(c); generally, ME tapes
exhibit less lateral contraction than the MP tapes do, at
current test conditions.

Hygroscopic expansion and thermal expansion

The CHE and CTE for various samples are summa-
rized in Figure 18. It is clear that the properties of
magnetic tapes are governed by their substrates. MP
tapes use highly tensilized substrates, which have
negative CTE, and as a result, the CTE values for MP
tapes are significantly lower than those for ME tapes,
which use balance-drawn substrates. The CHE values
for MP tapes and substrates were found to be higher
than those for ME tapes and substrates.

CONCLUSIONS

The mechanical properties of magnetic tapes are gen-
erally governed by their substrate materials. The stor-
age moduli for MP tapes and substrates are higher
than those for ME tapes and substrates along the
longitudinal direction; this is because the substrates
are selected according to the requirement for the linear
and helical drive systems, in which the MP and ME
tapes are used.

With respect to the effect of tape manufacturing
process, the storage moduli for the substrates of ME
tapes are higher than those for the virgin films. This is
believed to be attributable to the thermal-setting effect
of the tape manufacturing process. T-PEN(2) film
shows greater strengthening than T-PET(3) film after
ME tape manufacturing because PEN film contains a
more extensive amorphous region and is affected to a
greater degree by thermal setting than the PET film.

The storage moduli of the front and back coats of
MP and ME tapes were calculated by the rule of
mixtures. Both the front and back coats for MP-DLT
tape were found to be slightly stiffer than their sub-

strates. Frequency-temperature superposition was
used to obtain the data at a wide range of frequencies.
The back coat was found to have a constant modulus
over a wide frequency range from 10" to 10" Hz.
The modulus for the front coat for ME-Hi8 was found
at the order of 100-200 GPa, and the modulus for the
back coat was also higher than that for the substrate.

The Poisson’s ratios for MP-DLT and MP-LTO were
0.24 and 0.29, respectively, whereas the ratio for both
the ME-Hi8 and ME-MDV was 0.20. The Poisson’s
ratios for substrate films in this study ranged from
0.21 to 0.38.

The results of longitudinal creep and lateral creep
showed that, at 25 and 40°C, all tested substrates have
higher creep than that of corresponding finished
tapes. At 55°C, the substrate of MP-DLT shrank and
exhibited the lowest creep. Meanwhile, all other tested
substrates maintained the highest creep. The PET
films were degraded after either MP or ME tape man-
ufacturing, whereas the PEN films were enhanced by
the processing. The creep compliances of the front coat
and back coat of both MP-DLT and ME-Hi8 were
calculated. For MP-DLT, the substrate has larger creep
than that of front coat and back coat before 10° h. After
that, the substrate started to shrink, whereas the front
coat and back coat continued to elongate. The creep
compliance of substrate, front coat, and back coat of
ME-Hi8 increased monotonically with time. The sub-
strate of ME-Hi8 also had larger creep than that of
other layers. The front coat of ME-Hi8 was found to
have very low creep.

Based on the data of CTE and complex moduli of
the tapes, substrates, and combined layers, the CTE
values for the individual layers of the four tapes were
calculated. The model provides a good match between
the predicted CTE values for the finished tapes and
the experimental data. The CTE for front coats for both
MP-DLT and ME-Hi8 have lower CTE values than
those for the corresponding back coats. The thermal
shrinkage of the MP-DLT tape at 60-70°C is believed
to be attributable to the shrinkage of the front coat at
this temperature range. There was no thermal shrink-
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age for the ME-Hi8 samples through the range of
testing temperatures. The CHE for MP tapes samples
was found to be higher than that for ME tapes sam-
ples.
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