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Summary of the thesis

The increasing demand for high capacity data storage requires decreasing the head-to-
tape gap and reducing the track width. A problem very often encountered is the
development of adhesive debris on the heads at low humidity and high temperatures
that can lead to an increase of space between the head and media, and thus a decrease
in the playback signal. The influence of stains on the playback signal of reading heads
is studied using RAW (Read After Write) tests and their influence on the wear of the
heads by using indentation technique. The playback signal has been found to vary and
the errors to increase as stains form a patchy pattern and grow in size to form a
continuous layer. The indentation technique shows that stains reduce the wear rate of
the heads. In addition, the wear tends to be more pronounced at the leading edge of
the head compared to the trailing one. Chemical analysis of the stains using ferrite
samples in conjunction with MP (metal particulate) tapes shows that stains contain
iron particles and polymeric binder transferred from the MP tape. The chemical
anchors in the binder used to grip the iron particles now react with the ferrite surface
to create strong chemical bonds. At high humidity, a thin layer of iron oxyhydroxide
forms on the surface of the ferrite. This soft material increases the wear rate and so
reduces the amount of stain present on the heads. The stability of the binder under
high humidity and under high temperature as well as the chemical reactions that might
occur on the ferrite poles of the heads influences the dynamic behaviour of stains. A
model of stain formation taking into account the channels of binder degradation and
evolution upon different environmental conditions is proposed.
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1 Introduction

The technology of recording signals using the magnetic medium is more than a
century old when, in 1898 Paulsen developed the first magnetic tape recorder. Many
things have changed since then: the apparition of high definition television or more
recently, 3D home television, audio and video recorders, computers and the Internet
explosion. These technologies led to an increase of the quality of the image and sound
but also required an increase of the amount of information manipulated and stored.
These demands put high pressure in the domains of data storage and data transport

technologies, which had and still have to cope with this boom.

Tapes and disc drives have increased their capacity for storage along the years.
During the last years, the hard discs had an annual growth rate of 130% per year with
recording densities demonstrated by Fujitsu in April 2000 of 56Gbits/in> and a
theoretical limit to 150Gbits/in [1]. The tape industry made great efforts to keep pace
with such an explosion, however the track density of the helical-scan tape systems is

still 15 times lower than that of disk systems.[2]

The tape industry does not lack strong competition with the apparition of new
technologies such as recordable and rewritable CDs (compact disc) and DVDs (digital
versatile disc). Despite this, magnetic tapes are still used in various domains such as
back-up systems for workstations, digital audio recordings (DAT) and phone answering
machines, databases etc where access rates are not so important as transportability. In
2002, new series of recording technologies were launched to the general public. The
technology, called Fluorescent Multi-Layer Disc (FMD) [3, 4, 5, 6] or Hyper-CD-ROM
[7], as it is called by its Romanian inventor, is based on the phenomenon of controlled
extinction fluorescence and its aim is to smash the barriers of existing data formats
proposing discs similar in size to a CD or DVD but being able to store theoretically up
to 10 TB (more than 16,100 normal CDs or more than 580 double sided DVDs). The
technology also allows writing on the discs. The first generation are designed to store up

to 100GB of data. [6]




Another field heavily investigated and of great future is the information storage
in DNA-like molecular sequences. The first steps have already been-made in the early
2000 by Viviana Risca, a 17 year old Romanian teenager who succeeded to encode the
sentence: “JUNEG6 INVASION: NORMANDY” in a DNA molecule. For her

achievement, she received from Intel Corporation the “Junior Nobel Prize”. [8, 9]

If both the tape industry and technology are to survive on the market, the storage
capacity of the tapes must be increased. In order to achieve high data densities, several

methods are employed [10, 11, 12] involving:

o reducing thickness of the flexible substrate (halving tape thickness can,
theoretically, double the capacity);

o lowering the tape speed whilst the head tape speed can be maintained high using
rotary heads;

o decreasing the bit length;

o reducing the gap between media and head;

o increasing track density;

Each of these techniques has its own disadvantages. Reducing the thickness of
the substrate involves the development of new materials with a higher modulus of
elasticity and this would increase costs. The mechanisms of the rotary heads are more
delicate and in general more complicated than those of linear heads, which leads to
increased costs. The reduction of the bit length is slowed down by the demagnetising
process generated by magnetic particles shapes and due to the presence of other bits in
the vicinity. The effect of the neighbouring bits could be reduced by increasing
coercivity and by reducing the magnetic film thickness. But reducing the magnetic film
thickness would involve a reduction in playback signal whereas increasing coercivity
involves increasing difficulties in write and read data which means that the heads must
generate larger fields. The reduction of the playback signal can be avoided by
increasing saturation magnetisation, or in another words, using metal particles instead of
ferrite particles. Also the signal amplitude can be improved by reducing the space
between heads and media. Therefore, any loose or adhesive debris entrapped between
head and tape increases the spacing and hence reducing the signal amplitude and

generating errors. Adhesive debris also known as stains can be responsible for signal




degradation. Despite the fact that many studies were focused on understanding the
adhesive debris, there is been no agreement in terms of their chemical composition and

mechanism of formation.

Two main techniques in data storage using tapes have emerged and are being
currently in use:
e helical scan (DAT - digital audio tape or later on DDS tapes - Digital Data
Storage) similar to that used for VHS videos;
e linear scan (QTIC - quarter inch cartridge) technique where the data is read and

written using multiple heads;

In order to increase data-transfer rate, Sony has proposed recently a multi-track
magnetic head for helical scan systems based on ETF (Embedded Thin Film) with a
magnetic core much smaller than that of conventional heads. Using computer
simulations, they aimed to minimise crosstalk between the heads and to obtain a good
head-tape contact [13]. Magneto-resistive elements have also been implemented in

helical scan systems. [14]

One of the newest ideas that emerged recently in terms of tape storage is to use a
head made from a single pole. In addition to the common carbon black, the tape will
have the backside coating made from a ferromagnetic material. When it has to read or to
write the energised pole will induce a virtual (image) pole in the ferromagnetic material
of the back coat. Thus a classic head will be created and the gap of this type of head will

roughly be two times the distance between energised pole and ferromagnetic material.

As it was said before that in order to increase data density the distance between
head and media has to be reduced. During normal operation of the drives, debris are
generated. These debris, either loose or adhesive may induce further spacing and hence
may lead to poor signal and/or errors. Adhesive debris on the heads are in particular
important since, despite 30 years of research, opinions about their composition and

mechanism of their development is still split in the research community.




The present thesis is proposing to investigate the adhesive debris (stains)
generated by the MP tapes (metal particulate) and to propose a mechanism that could

explain their formation.



2 Literature survey

2.1 Magnetic approach

A magnetic recorder is a device that provides ways for storage of information
and its subsequent reproduction using magnetic fields. A magnetic media represents a
continuous strip of magnetic material used to store information. The process of

recording the information is achieved by a device called a write head [15].

Basically, a head consists of a magnetic ring core and one or more windings (see
Figure 2-1). A small gap exists in the core thus creating two pole pieces. When it has to
record, an electrical signal passes through the windings and creates a variable magnetic
flux, guided by the magnetic core of the head. The magnetic circuit is closing through
the tape or other magnetic support that is passed at steady speed through this field and
thus the tape becomes permanently magnetised. Because the gap dimensions are very
small, the magnetic field is focused into a very small area and thus, any element of the
tape spends a very short time within this field. Since the time in which the tape interacts
with the magnetic field is short, it is assumed that the magnetic field remains quasi
constant. In order to achieve high and very well spatially resolved magnetic fields, the

magnetic support must be in contact or in a very close proximity to the magnetic head.
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Figure 2-1 Schematic representation of a magnetic head




In order to recreate the original signal, the magnetic medium is drawn past a
reproducing head at the same steady speed as at the time the recording was made. The
magnetic fields, which surround the medium, create a fluctuating magnetic flux in the
head’s magnetic core and this will induce an electric current in the windings. The
fluctuations of the magnetic flux and of the electric signal correspond to the original

signal.

The gap length of the head is dictated by the shortest wavelength to be recorded,
the track width by the signal-to-noise ratio azimuth sensitivity and information packing
density desired and the gap depth is selected for the minimum value that will yield an
acceptable mechanical strength or an acceptable wear life without saturating in the

record mode [32].

Apart from inductive head described before other types based on MR (magneto-
resistive) or GMR (giant magneto-resistive) elements are used to read the signal. An
MR or GMR element is a device that is able to modify its resistance according to the
magnetic flux crossing it. Thus the current through such element will vary accordingly
and the information stored on tape will be retrieved. GMR are used as reading heads in
the hard discs mainly but more recently they have been introduced in the magnetic tape

devices as well.

It has been proven that the pulse shape of the current generated by the remanent
flux of the media is described by the equation Equation 2-1. The width of the output
electrical pulse at half maximum amplitude (PWso), increases if the media is thicker or
the distance between head and media is higher leading to a broader pulse and thus to a

poorer resolution of two neighbour bits, thus increasing the errors.

PWs=2 /d(d +9) Equation 2-1

where: d- head media spacing
& - media thickness

In addition, the amplitude of the pulse decreases according to Wallace law. As
one can see in Equation 2-2, the decrease in amplitude is more exacerbated at shorter

wavelengths and thus higher data densities.




For a sine wave recorded signal, the output voltage is given by the equation
below [146]:

sin—Kg
H,g |—e X
E (x)=— u VwM, —52 K e~ 2 Kx
(X)=— pVwM, ; X5 g coSs
2

where:

X - longitudinal position

E (x) - voltage output from longitudinal magnetic recording
(o - magnetic permeability of a vacuum

V - tape to head velocity

w - track width

My - peak value of sine-wave magnetization

H, - deep gap field

g - gap length

i - current in head coil

K - wavenumber ( K= 27 /A and A - wavelength)
8 - thickness of the magnetic medium

d - distance from tape to head

The term e *¢ represents signal attenuation due to distance between the head and

the tape. Hence,

2md
Spacing loss (dB) o e #* which is equivalent to

Spacing loss (dB)= —54.6k(d/})

Equation 2-2

Where:

d is head to tape separation

X is the signal wavelength and

k is a constant related to head’s shape

This is why, in order to increase data density, it is necessary to reduce to a
minimum the space between head and media and to decrease the thickness of the
magnetic layer. In the case of the DDS-2 format where minimum recording length is
0.67um [16], and considering k=1 in an approximation of a spherical shaped head, the
signal loss generated by 20nm stains is:

20-10m
Spacing loss (dB)=-54.6k( ———— )=1.63dB
pacing (dB) (0.67~10_6m)




As the wavelength of the recorded signal decreases to allow increasing the data
density, the spacing loss generated by stains will increase exponentially unless measures
to reduce stain thickness and keep it under control are taken. Similarly, head erosion
will degrade the signal recorded and will result in data errors unless special steps to
prevent them are taken. The strategy in the DDS format is read-after-write technique:
compute a frame control number (MDS5 sum) of each frame recorded, comparing it with
the one stored on the tape and write the frame again if it was found to be corrupted. (see

also section 2.3)

If a ferromagnetic material is subjected to a magnetising force that varies in
sense as well as magnitude in a cyclic manner, the curve relating B (induction of the
magnetic field) and H (the magnetic field) forms a loop called hysteresis loop. Figure
below represents a typical hysteresis loop and by studying its shape and its size, one can

retrieve considerable information about the magnetic properties of the material.

Remanence is the magnetisation that remains after removal of the magnetic field
(B,). Coercivity is the field that would have to be applied in order to reduce the

magnetisation to zero. (Hc)
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Figure 2-2 A typical hysteresis loop [12]
B~ saturation level of the magnetic induction
B,-remanence level of the magnetic induction

H.-coercive field




The read and write head as well as the magnetic tape must have specific
magnetic properties. The magnetic materials used in heads must have low remanence,
low coercivity, and high permeability and in the same time must be able to switch
magnetisation quickly to follow rapid signal variation. On the other hand, the magnetic
media are designed with high coercivity thus minimising self-demagnetisation (allowing
the bit of information to be smaller) but not extremely high to enable rewriting
capability and also designed with high remanent magnetisation thus enabling a high
signal/noise ratio. Taking into account the different properties of the heads and tapes
materials, the hysteresis loops will have different shapes accordingly. The figures below

represent the hysteresis loops for the tape and head respectively.
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Figure 2-3 Hysteresis loops of magnetic materials used in magnetic tapes (left) and

magnetic heads (right) [12]




Some performances of today’s tapes are shown in the table below:

unit | AMP | AME | Hi-8§ MP | DDS-2
Coercivity KA/m | 189.5 | 135 146 119 - 167
Saturated magnetic flux | mT 520 513 350 500
density
SFDr 0.18 | 0.96 0.453 0.583
Surface roughness(R,) nm 1.8 1.5 3.5 2.7
Magnetic layer pwm 0.1 0.18 0.35 0.5
thickness

Table 2-1 Characteristics of the AMP and AME, DDS-2 [16, 33]

AMP- Advanced Metal Particulate tape
AME- Advanced Metal Evaporated tape

Considering the height of the stains is 20nm, the increase of the pulse width due

to the increase of the head to tape spacing for a stained head is:

PW,, (stained)— PW(clean) —\/l+é 1 _\/; 20nm
PW,(clean) d 5

-1=0.0198 =1.98%

00nm

Given the today’s magnetic layer thickness, the pulse width is increasing only by
aproximatively 2% due to staining therefore the main concern remains the decrease of

the signal amplitude due to spacing loss.



2.2 Tribology and the general theory of wear

By definition, tribology is the science of friction. One of the results of friction
phenomenon is the wear that represents a progressive removal of material from the
sliding surfaces [17]. The tribology of magnetic recording systems is different from the
conventional, macroscopic tribology, partially due to the size of the areas in contact.
The classical macroscopic friction can be described using two simple laws. The first one

states that frictional force is directly proportional with normal load:

F=pW Equation 2-3
Where: F is frictional force
W is normal load and

i is a constant called friction coefficient

The second law of friction says that frictional force is independent of the apparent
area of contact. Even though the frictional coefficient has been stated as being a
constant, in reality it has been observed that it varies slightly, being smaller for smaller

loads and depending also on sliding speed of the surfaces.

Another important law describes the wear rate of a material under a wide variety of
conditions and it is known as Archard law: the wear rate of a material varies according

to applied load and to the flow pressure.

0=k W/pm Equation 2-4
Where

o is the wear rate of a given material

W-normal load

pm. flow pressure or hardness

k-constant (wear coefficient)

As in the case of friction coefficient, it has been found that wear coefficient does

not remain constant, though it decreases at very small loads.
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Different mechanisms of wear have been described in literature. The following

classification is given according to the response of the material to the local stresses [17,

Adhesive wear is caused when the shear strength of the interface
junction is greater than the shear strength of bulk material;

Fatigue appears when a material is subjected to repeated loading over a
single area due to cyclic stressing;

Abrasive (2 body and 3 body abrasion) occurs when a hard asperity of a
surface protrudes into the softer material; thus, debris from the softer material
will be produced and a wear track will arise; if loose debris of a hard material
becomes entrapped between two softer surfaces, then third body abrasion will
take place; again, a wear track will appear and the loose debris will accumulate
at the trailing edge of the head;

Corrosive wear is caused when surfaces are chemically active; chemical
reactions may occur leading to a weaker surface since usually these products are
not bonded to the surface very strongly; chemical active atmospheres such as
oxygen and water and temperature can lead to this type of wear; for example
ceramics wear differentially due to the different chemical reactivities of their
components [19]

Erosion (removal of the material from a surface by impact of solid
/liquid particles) takes place when the surface is bombarded with particles; the

wear rate depends on the incidence angle and the surface bombarded.

Probably all these types of wear occur at one point when two surfaces are in contact

but the most effective depends strongly on the surfaces being in contact and the

environmental conditions.

2.2.1 Wear of ceramics

Generally, the ceramic materials are hard brittle materials these are a

consequence of the chemical bonds. The energy required to dislodge a covalent or ionic

bond within ceramic material is very high. In addition, the covalent bond is strongly
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directional, meaning that the atoms within the crystals have very little freedom of
movement. The metallic bonds are not directional, the atoms here have a certain degree
of movement and as a result, pure metals are soft materials that tend to deform
plastically. Ceramics on the contrary, unlike the metals tend to chip and to develop
cracks. Fractures occur at the sharp edges or crack tips where the tensile or shear stress
is higher than the cohesive force between the atoms. Soft materials like metals do not
crack easily because the plastic deformation causes the rounding of the edges therefore
reducing the stress. Ceramics are brittle since the development of the cracks and
consequently propagation of the stress along the surface cannot be reduced by plastic
deformation. [17] Moreover, the interatomic bonds at the fracture site can be weakened
by adsorbed molecules such as oxygen or water that may lead to a further decrease of
the stress required for crack propagation. The effect is called chemisorpstion

embrittlement.

Friction may also change (generally enhance) the rate of chemical reactions of
solids. Such modifications of the rate of reactions have been seen for ceramics usually
found in the design of the magnetic heads such as alumina (ALOs), silica or glass

(Si0,). There are several causes for this kind of acceleration [17]:

= Removal of the protective layer, exposing a fresh chemically active surface;

» Flash high-temperatures generated by the friction enhance the rate of chemical
reactions;

= Destruction and re-creation of new bonds generates highly reactive intermediate
products;

= Frictional stresses may cause deformation or micro-fractures in the layer or the solid

and produces diffusion paths or high energy sites with increased reactivity;

One kind of ceramic of particular interest is SiO; especially because it is the
main constituent of the glass used in manufacturing the DDS heads. Studies showed that
on immersion in water, silica develops a negative surface charge due to the adsorption
of hydroxyl radicals, acting as an Arrhenius acid while the water plays the role of the
corresponding Arrhenius base. Also interesting is that acidic complex ions such as POy,
SiO, and derivatives of them tend to adsorb on surfaces. In particular their

organofunctional derivatives react strongly with the oxide surfaces through the complex
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ion and form strong bonds with the surfaces. Interestingly, some of these complexes are

intensively used in the tape binder polymer. (see section 2.5.2) [17]

2.2.2 Wear of polymers

A particular interest for scientist is represented by the wear of polymers since the
materials based on polymers are used in large areas of human activity and particularly

in the magnetic media.

The term of polymer describes a high-molecular-weight material. However, the
difference between a polymer molecule and a simple organic compound is that the
polymer has multitudinous repeating chemical units called mers and the number of such
mers exceeds 100. The number of mers present in a polymer chain represents the degree

of polymerisation.

Apart from the degree of polymerisation, another important parameter of the
polymer is the glass transition temperature that is the temperature at which a rubber-like

amorphous polymer becomes glass-like and vice versa.

The structure of polymers varies from a linear polymer where the carbon atoms are
joined together as a continuous sequence in chain, to branched polymer where the
structure of polymer has chemical groups called functional groups that are part of the
monomer structure and to network polymers which exhibit crosslinked structures. [20]

(see Figure 2-4)

It is easy to predict if a chemical reaction between two reagents could lead to a
certain type of polymer. If a molecule has two functional groups (i.e. chemical linkages,
atoms, or radicals which undergo reaction) then it can react with another bifunctional
molecule to give a linear polymer. A second rule says that if a molecule having two
functional groups reacts with a molecule having at least three functional groups, then a
three-dimensional network polymer will result. These polymers are cross-linked

polymers. [21]
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Linear polymer Branched polymer Network polymer

Figure 2-4 Simulated polymer structures [20]

Understanding the polymer tribology is one of the keys in understanding the

stain apparition and development on magnetic heads.

For polymers there are two main causes of wear: deformation leading to fatigue
and adhesion. One must bear in mind that the contact between two surfaces occurs
between the asperity tips and not on the entire macroscopic surface. If two surfaces are
put in contact, then the contact will occur on very few asperities. The normal load will
then be supported by these asperities leading to very high areas of stress. Consequently,
the tips will plastically deform until the increasing contact area will be able to support
the load. Given one material, Greenwood and Williamson developed a theory that can
predict whether asperities will suffer elastic or plastic deformation in contact with

another surface [12]:

1/2

E | o

AR, Equation 2-5

Where E. is effective elastic modulus of the interacting surfaces
H is the hardness of the softer material
o, is the standard deviation of the peak distribution

R, effective radius of curvature of the contact asperity

If ¥ is greater than 1 then the deformation is elastic, if ¥ is less than 0.6 the
deformation is plastic and between these values the deformation is a mixture between

elastic and plastic deformations.




However, taking into account the complexity of the polymer mechanics,

Bhushan has adapted the model:

1/2
\}/pzﬂ % Equation 2-6
Y R

P
Where E. has become composite modulus,
Y defines tensile yield strength of the polymer,

and o, and R, having the same meanings as in Equation 2-5
The composite modulus is given by:

1 1=v) L= Vi) Equation 2-7
E K E,

¢

With vy, v2 Poisson’s ratios for the interfacing substances

And E;, E; Young’s modulus of elasticity respectively

Again, if ¥, is higher than 2.6 the surfaces will deform plastically whereas if it
is less than 1.8 the deformation will be elastic. The model cannot predict the interaction
between polymers when W, falls between 1.8 and 2.6. Based on this predictive model

Bhushan and Doerner have shown that the contact between head and tape is elastic. [12]

Another cause of wear is adhesion. One must take into account that in the case
of two bodies in contact, one being a polymer, the normal forces of adhesion operate not
only at the points of actual contact but also in adjacent regions. This is due to the
distance since there is no contact however molecular forces take place. These forces will
develop an extra-contract adhesion and it is believed to take place wherever the distance

between the bodies is between 50A to 100A.

Another phenomenon that may occur is the accumulation of static charges due to
friction that will lead to a double electrical layer build-up. It has been proven that the
moment of friction in metal-polymer pairs may be reduced almost ten times by

suppressing the tribo-electricity in them. [22]
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Under certain conditions, mechano-chemical processes lead to the formation of
highly active free radicals, which may undergo chemical reactions: polymer chain
scission or growth, the apparition of cross-linkages between chains which will
furthermore lead to a reduction in losses due to friction and to an increase in the wear
resistance. In such cases, chemical bonding takes place on contact. Ion microscopy and
emission spectroscopy have proven the existence of transfer films formed on both metal
and polymer when sliding against each other. Moreover, on composite materials based
on polymers chemical reactions could be initiated by the filler. Disintegration of the
polymer is the result not only of the mechanical degradation but also of thermal

degradation due to intense heat liberation on contact. [23. 22, 24]

Many theories try to explain the formation of the adhesion bonds at the interface
between two bodies one of which being polymer and unfortunately no one can give a

complete picture of the adhesion phenomena. Some of them are summarised below.

[22]

The mechanical theory explains the formation of the bonds as due to unilateral
or mutual wedging of the material, which penetrates into micro-fissures in the surfaces

of the interacting bodies.

Adsorption theory supposes that the molecular bonds are formed between bodies
in contact and as a result, the surface is becoming energetically unstable. The forces are
either repulsive or attractive depending upon the nature of the interacting elements and
the distances between them. Orientation, ionic, induction and hydrogen intermolecular
bonds may be involved. Table 2-2 summarises the energy involved in inter molecular

bonds.
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Bond type Energy (kcal/mol)
Hydrogen 15
Dispersion 10
Orientation 9
Induction 0.5

Table 2-2 Energies in molecule-molecule interactions [after22]

The electrical theory explains the adhesion phenomenon by the means of the
electrostatic attraction of charges in a double electric layer that appears at the boundary
of two phases due to a phenomenon of contact electrification [22]. The double layer is
created by the transition of the electrons and ions from one surface to another. In this
case the polymer could be either acceptor or donor of electrons but it has been found
that in contact with metals, the polymer is negatively charging. The double electric layer
is modulated in the form of the plates of an electric capacitor and the energy of adhesion
is equated to the energy in the corresponding capacitor. The theory cannot explain
satisfactory the adhesion between polymers themselves and filled polymers which

posses electrical conductivity.

An interesting theory called the diffusion theory supposes that adhesion
interaction is caused by mutual penetration as a result of diffusion of chain molecules or
their segments and the formation as a result of this of a firm bond between polymers. A
strong condition for diffusion is the compatibility of the bodies, the mutual dissolution
of polymers. Although it can explain very well some phenomena such as the increase in
adhesion with the temperature and the relationship between the adhesion effect and the
delamination rate, yet it cannot explain the adhesion of the polymers to another

substances such as glass or metals.

The experimental works have shown the apparition of chemical bonds in the
process of adhesion between polymers and metals and these observations led to the
chemical or chemisorption theory. Since the chemical bonds act at a very short range (1-
1.5A) they are therefore much stronger than the intermolecular forces. [22] For

comparison, the dissociation energy for covalent bonds is given in the table below. As



one can see from Table 2-2 and Table 2-3, the covalent bonds are much stronger than
the inter-molecular forces. The presence of chemical bonds can explain high value for

adhesion in polymers when compared with their cohesive strength.

Covalent bond Dissociation energy (kcal/mol)
C-H 98
N-H 93
O-H 111
C-C 83
C-N 70
C-O0 84
C-Cl 79
C=C 145
C=0 179
C=N 213
-CH, 0.68

-O- 1
-COO- 2.90
-CgHs- 3.90
-CONH 8.50

-OCONH- 8.74
(urethane)

Table 2-3 Dissociation energy for some typical covalent bonds [after 20]

The polymer tribology is even more complicated by the presence of fillers such
as metals in polymer structure. In such composite materials fillers can undergo chemical
changes or they can trigger chemical reactions in polymer structure [24]. It has been
shown that the presence of the copper or copper oxide can reduce the friction
coefficient. Complex compounds of lead, silver, cadmium, bismuth that are used as
fillers are able to dissociate at fixed temperatures isolating the metal in colloidal state.
The colloidal metal, which possesses at this moment high chemical activity, reacts with

the friction surfaces forming polish films on them. [22]

The chemical changes in the polymer structure can dramatically modify its
mechanical properties, particularly strength, rigidity, adhesion etc. Taking into account
these facts it is necessary to have a closer look at the chemical reactions that a polymer
may undergo, particularly those commonly used in the magnetic media industry. Due to

their complexity, there are treated separately in section 2.5.2 and 2.5.3.




2.3 DDS format and drives

DDS format (Digital Data Storage) is a solution that emerged from DAT format
(Digital AudioTape), a technology developed initially for high quality consumer audio
recording. The idea was to use the same principle as in videocassette recorders - helical
scan - that can provide high relative speed between head and tape and thus an increase
of the amount of the information stored. The four heads, two for reading and two for
writing are assembled on a drum spinning at high speed. Typical views of a DDS drive

and a DDS drum are depicted in Figure 2-5.

Helical scan recorders have a series of advantages compared with linear scan
systems. In linear recordings, in order to achieve high transfer rates the tape is moved
rapidly across a stationary head. The tape is run back and forth at high speeds in order
for the head to reposition itself over a track incresing dramatically the data acces time.
Additionally, it induces higher wear of the tape, long start/stop reposition times, and
high tension on the tape. In helical scan however, the high data density is achieved
through a high relative velocity of tape and heads. The heads are moving at high speed
whereas the speed of the tape can be decreased to very low values. Faster head-to-tape
speeds of helical-scan allow it to record at much higher densities than linear. Additional
tracks to help the servo mechanisms to follow precisely the data tracks help increasing
the areal density. by 3.6 to 7 times compared with linear systems, allowing more
capacity, and smaller tape cartridges [132]. In order to avoid crosstalk, adjacent tracks
have different azimuth angles and the gap width of the reading head is smaller
compared with the writing head so only the central region of the track is read (see Table

2-4)

The basic organisation of the recorded data in DDS is the same as in DAT for
sound recording: blocks of data are organised into tracks and tracks are organised into
frames. A pair of adjacent tracks, each with a substantially different azimuth orientation
of magnetised stripes, constitutes a frame on DDS tape. Tracks are divided into data

areas (which include correction codes) and auxiliary areas that help the drive to follow
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tracks and to locate specific data. In addition, three levels of error control have been

developed in order to prevent errors and if an error occurs, to correct it.

One of the most important strategy for avoiding errors is the read-after-write
technique (RAW) in which each newly written track is read back as soon as possible,
usually within a revolution of the drum. In order to achieve this, the DDS drum contains
two extra heads whose function is to read data, giving a total of four heads. The other
two heads are used to write data. The system reads the error correction codes
interspersed with the data and, if it finds the codes incorrect, writes another copy of the
data with a primary head and checks it once more with one of the extra heads. Thus, the

drive ensures that there is at least one recoverable version of the data on the tape.
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Figure 2-5 A schematic view of a DDS drive and drum [25]

Using the error correction codes a tape can have less than 1 error to 10'® bits
written which is comparable to that of compact disc memories, and thus making it ideal
for back-up storage of information on hard disk [25]. From a physical point of view, the
horizontal correctable error width is 0.3mm and the vertical correctable error width is

2.6mm. [26]

The figures below show a comparison between linear and helical scan in terms

of how the data is written on the tape.
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Figure 2-6 Schematic representation of data tracks in linear scan systems [132]
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Figure 2-7 Track format in helical (DDS) scan systems [132]
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In the linear systems, the control of the head positioning is performed only at the
beginning of the track. Hence, in order to insure low level of errors, manufacturers have
to insure that any minute changes in tape position does not lead to a loss of the track by
the reading head. Therefore, the tracks themselves are designed wider and the read head
is very narrow. In helical scan, the length of the tracks being short, the task of the head

of following the tracks is alleviated and the tracks can be narrower.

In the case of the DDS format, the information is digitally recorded as a string of
ones and zeros the signal is present and above a certain threshold level for a fixed

duration of time as it is the case for bit “1” or below the threshold value as it is the case

of bit “0”.

Some parameters of the DDS4 drives are given in Table 2-4:

Recording frequency (1T) 54MHz

Gap width 310nm write head,
210nm read head

track width 6.8 um

drum speed 11479.6rpm

tape speed 23.39 mm/s

bit rate 108 Mbit/s

linear data density 122 kb/inch

Table 2-4 Some DDS4 Parameters

Taking into account the data above, one can compute the bit length as:

linch 3 254107 m

Bit length = = S
lineardatadensity — 122-10° bit

=0.208um

2.4 Tribological problems in helical scan systems

In order to increase several approaches are taking into account. However, these
approaches introduce tribological problems that need to be solved. For example,
decreasing the tape thickness in order to accommodate greater lengths of tape on the
same size cartridges will reduce its mechanical strength. With reduced strength, lateral

tape damage is likely to occur and since the data tracks are small, this will induce in
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turn data errors. The use of the substrates with superior mechanical properties helps
alleviate the problem.

As in the case of tapes moving at slower relative speeds, the magnetic head of the
DDS drives is in contact with the magnetic head. Several features insure this behaviour:
the designed curvature of magnetic head surface, the tape is pulled towards the head
with a constant tension by using of the guiding rollers and fixed posts. At higher head-
to-tape relative speeds, the air is dragged along between the tape and head interface thus
a cushion of air is created and hence the head looses contact with the tape. To alleviate
the problem, a series of small longitudinal grooves are present on the rotating part of the
drum and the heads are mounted in windows within the drum. In addition, head
protrusion, typical around 40nm, is chosen in order to achieve a good contact between

head and tape, and to control the normal load force of the tape on the head. [139, 140]

The increase of transfer rate and rotating speed of the drum involves an increase
of wear rate of the tape and head. The initial asperities of the tape and head are worn out
and the friction coefficient tends to increase due to adhesive forces. The use of
diamond-like carbon films (DLC) on tapes in conjunction with lubricant is very
effective in preserving the initial height surface asperities hence insuring a constant
friction coefficient and wear rate. The DLC asperities height is chosen so the signal
spacing loss is smaller than on the tapes without the DLC coatings. If the friction force
increases stick-slip phenomenon will occur and may result in an unstable movement of

the tape, hence errors. [133]

In order to accommodate more tape in the same case, the tape thickness is
reduced. However, more tribological problems occur, especially at the tape guidance
posts and roller guides. The purpose of these posts is to guide the tape towards the
rotating drum and to regulate the tape tension. These posts are slightly inclined and the
tape is driven up or down and the tape edge is pressed on the flange of the roller guides
by static friction force as seen in figure below. If the mechanical properties of the tape
degrade with the decrease of the tape thickness, edge damage of the tape is likely to
occur. The damage will reflect in errors of the signal recorded on tracks. Additionally,
wear debris is likely to occur, hence more errors. Therefore improvement of the
mechanical properties of the tape and a decrease of the static friction coefficient is

needed. Currently for DDS drives the posts are made of stainless steel with 0.8%S, and
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2% Mn with a roughness of 0.2um. [133]. The use of polymer based posts is not
recommended for posts since it is proven that the static friction coefficient between
them and the tape is dramatically increasing with time leading to stick-slip phenomenon
and unstable movement of the tape. [40] Reducing the friction coefficient and wear is
beneficial for the magnetic heads as well. However, this may lead in thicker transfer
film on the magnetic heads, which causes spacing loss. In order to prevent the
production of wear debris from the head surface, the tape should be covered by a thicker
layer of lubricant and moreover the lubricant should adhere strongly on the surface of

the tape.
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Figure 2-8 Edge damage of the tape due to excessive friction coefficient [133]

For the same purpose of reduction of static friction coefficient and wear

resistance, the drums are made of silicon modified aluminium alloy. [29]

Considering the head, several authors [27, 10, 19, 28] have identified gap
erosion, pole or MIG material recession, spacing loss caused by loose or adhesive
debris, macroscopic changes of the head profile or changes in microstructure of the
head material due to an increase in contact temperature between head and tape, as

sources of errors.

All of the above mentioned processes introduce spacing between head and media and
according to Wallace law (Equation 2-2) a decrease in signal playback. The decrease in

(‘1’7

signal playback means that the signal output corresponding to bit decreases,
ultimately will be below the threshold value and will be read by the head as bit “0”

hence an error.

25




2.4.1 Head Materials

Generally, the demands on the materials used on heads are very high: these
materials should have a high elastic modulus, high fracture strength high mechanical
and thermal stability. The interfacial adhesion and the shear strength must be low
compared with the bulk cohesive forces in order to prevent adhesive transfer from
media to tape [10]. The materials should also have suitable magnetic properties: low
remanence, low coercivity, high permeability in order to guide the magnetic flux with

minimum loses (see also Figure 2-3)[12].

After Mizoh [29], the helical scan heads could be classified as follow:
1. bulk ferrite head
2. metal in gap head (MIG head)

3. laminated head

DDS drives used during the experiments are from the third generation (DDS3). The
schematic representations for both types of heads (read and write) are in Figure 2-9 and
Figure 2-10. The gap of the magnetic head is tilted in order to prevent cross-talk
between adjacent tracks (see also Figure 2-7). For the same purpose, the gap width of
the reading head is narrower compared with the gap of the write head (Table 2-4).
Hence, the tracks are written with different azimuth angles and the reading head is
reading only the central part of the track thus preventing interferences from the
neighbouring tracks. In terms of the materials used, there are differences between heads
according to their function: the read head is a bulk ferrite head and the write head is a

MIG type (Metal in Gap) head.
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Figure 2-9 A schematic representation (top view) of the read head on DDS3 drives
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Figure 2-10 A schematic representation (top view) of the write head on DDS3 drives

I

Figure 2-11 DDS head profile; Legend: G — gap, 3 — windings, I — ferrite, S — adhesive
glass [after 30]
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Most usual ferrites employed in head design are Mn-Zn or Ni-Zn ferrites. They
have been chosen due to their good mechanical and magnetic properties since it was
proved that they have a low wear rate [29, 31]. Both types of ferrites are commonly
used as single-crystals or as hot-pressed ferrites. In the seventies and eighties, the Mn-
Zn ferrites were used only for low frequency applications where their high permeability
was required. A careful control of the ingredients had allowed a nearly zero
magnetostriction constant as well as zero crystal anisotropy. Despite these facts,
resistivities on the order of 1Q..cm for bulk materials prevented their use at frequencies
higher than 0.IMHz. The trend towards shorter wavelengths in recording systems has
dictated the improvement of electrical characteristics of Mn-Zn ferrites by controlling
the grain size and porosity. Basically, the increased resistivity has been obtained by
additives which diffuse to the grain boundary under sintering and form a highly
insulating layer thus increasing the resistivity up to three orders of magnitude and
making this particular ferrite even better for applications up to 20MHz than the Ni-Zn
ferrites [32]. The grain boundaries must be carefully controlled because if they are too
thick, they tend to allow the grains to demagnetise themselves and thus induces a loss of

permeability or can lead to crystal pull out and a general weakening of the ferrite [32].

There are two ways of producing the ferrites. The first one is used in the case of
hot pressed ferrites and it is called sinterisation. These kinds of ferrites are prepared by
blending a stoichiometric ratio of Fe;O3, MnO and Zn in a typical molar ratio of
52:26:22 respectively and then the material is prefired in a controlled oxygen
atmosphere. The prefired material is milled and densified by isostatic pressing which
will reduce its porosity down to about 5%. The material is then sintered in vacuum
under very high pressure with oxygen bled in as a function of temperature to maintain a
proper oxygen balance [32]. Top temperatures employed during sinterisation process
are about 1600K [33]. The oxygen pressure during sintering is critical in order to
produce a ferrite with good mechanical properties. The quality of Fe;Os is also essential
since it has been found that oxides such as P,Os can reduce dramatically the resistivity
of the ferrite and thus increase power loss [34]. The control of the stoichiometry
between reagents during manufacturing must be very strict as well: if the Fe**

concentration becomes too high, the ZnO will be reduced and some of the Zn atoms will
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be lost at grains boundaries. [35, 32, 33] This will produce a highly internally strained
ferrite that will readily chip at machining and with high crystal anisotropy and
magnetostriction. Stoichiometry differs from manufacturer to manufacturer but it has
been proven that the higher Zn content on the ferrite, the lower Curie temperature will
be [32]. Also, recent studies revealed that electrochemical corrosion of the ferrite

depends on the MnO/ZnO ratio. [36]

The single crystals of ferrite are produced using the Bridgman method or by
flame fusion. The difficulty consists in the fact that during the growth, a general
segregation of the Mn and Fe** occurs with the Mn concentration being higher at the
bottom of the crystal and the iron’s being higher at the top. Again, in order to prevent
Zn loss a proper oxygen atmosphere must be maintained. Studies made by Koinkar et
Bhushan show that single phase materials like single crystals ferrite exhibit better
microtribological behaviour than multiphase materials such as hot pressed ferrites and

that any surface defect affects the wear resistance of the material [37].

Another problem of the single crystal ferrite consists in its mechanical and
magnetic anisotropy. Experiments revealed that the wear rate of the heads depends on
the orientation of single crystal ferrite and it is lower on single ferrite crystal than on
polycrystalline ferrite [29, 38]. Wear rate was also found to increase towards lower
temperatures as the elastic modulus of the tape increases thus increasing the tape load
[38]. Generally, the <110> crystallographic plane is most commonly used due to its
higher hardness and electrical resistance [32, 39] despite the fact that wear rate is higher
compared with <100> crystallographic plane [40]. In such crystals, the bending energy

is low and it is easy to induce cleavage along the crystallographic plane.

The most exposed region of the head is the gap, where glass bonding could
cause considerable strain in the structure. Matching the anisotropic thermal coefficient
of expansion of the single crystal ferrite with that of the glass is quite a challenge and
mismatches will inherently occur. The tension could generate micro-cleavage of the

ferrite, generating a high level of noise due to magnetostriction [32].

One of the common phenomena encountered with the iron oxides is that in

presence of moisture they tend to develop on the surface a thin layer of oxyhydroxide
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(FeOOH) [41]. Under normal conditions, the iron oxyhydroxide is amorphous, resistant
to prolonged exposure to vacuum and decomposes at 136°C [42, 43, 44, 45]. Studies
made using XPS and infrared techniques showed that the amount of oxyhydroxide
increases in time at constant humidity due probably to its porous characteristic and with
the increase in humidity [46]. The oxyhydroxide or other hydrated by-products that
result during a tribochemical reaction may also act as a solid lubricant, reducing friction
coefficient [47, 48]. Although no studies of the oxyhydroxide have been made on
ferrite, since the ferrite is composed mainly from Fe,Os, it is probably correct to assume

that it will undergo a similar process.

As for non-magnetic material, the glass with additives such as B, Pb, Al or K is
used extensively along with other ceramics such as MnNiO, CaO-TiO,-NiO, CaTiOs
AITiC or SiC. In DDS heads glass with additives such as boron and lead has proven to
be reliable from the point of view of stability for non-contact operations or resistance in
contact operation. The bonds between glass and ferrite are created through the wetting
of the ferrite by low-temperature lead borate glasses, which react with the surface of the
ferrite. The improper control of the glass and head temperature can lead to an
uncontrolled diffusion of the glass inside the ferrite, which can furthermore produce
unwanted elongation of the magnetic gap. The phenomenon is more frequently
encountered on heads made from Ni-Zn ferrites rather than those made from Mn-Zn

ferrites due probably to the fact that Mn-Zn ferrites are less porous. [32]

In the MIG heads, a layer of metal is interposed between the ferrite and the glass
and one of the most frequently used is an alloy of iron, aluminium and silicon known as
sendust (85%Fe, 9%Si and 6%Al). Due to the sendust alloy, the head has a higher
saturation magnetisation and this property makes it ideal to use with high coercivity
media and, at the same time, its reproducing efficiency remains comparable with the
bulk ferrite heads [19]. The sendust alloy is not the only magnetic alloy used to improve
the heads performances; permalloy (80%Ni, 20%Fe), FeN or Co-Nb-Zr are also used
[29].

In order to manufacture the head, the ferrite material is cut and polished, the gap is

deposited by sputtering, and the two halves of the head are then bonded and shaped. The
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curvatures of the head depend on the protrusion of the head above the drum surface, the
tape tension and the stiffness of the tape [49] The head may also be coated with a thin

film of DLC or CrN in order to improve its wear resistance [50]
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2.5  General view of MP tapes

The technology of magnetic particulate (MP) tapes has improved continuously
in the last 60 years since its introduction. First MP tape was made by Germans by
coating the magnetic paint on top of a paper substrate. It was not a very reliable tape
due to the fact that paper tends to rip. A big step forward was made after the huge
advances in polymer science during and after the Second World War. At this point, tape
started to become a very reliable storage media and since then, the way of making these
MP tapes hasn’t changed too much. In this chapter a brief description of magnetic tapes

is given with emphasis on metal particulate tapes.

Basically, an MP tape consists of a polymer substrate of 5-10um in thickness
coated with a very thin magnetic layer. On the backside of the tapes, a layer of about 1
pum of carbon black is applied in order to improve tape’s friction properties and to
prevent build up of static charge. A cross section view of a typical MP tape is in figure

below.
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Figure 2-12 Cross section through a single layer metal particle tape (not at scale)
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The magnetic pigment is a mixture of magnetic particles (y-Fe,O3, magnetite,
cobalt-modified iron oxide, chromium dioxide, barium ferrite or ceramic-coated iron),
and abrasive particles (Al,03, CrO, or a-Fe;Os3) finely dispersed in a polymer binder
and lubricant. The substrate material could be PET (polyethylene terephtalate) or PEN
(polyethylene naphtalene) but efforts have been made to introduce new materials with
better physical and chemical properties such as ARAMID and PBO, which have higher

elastic modulus and better dimensional stability [51].

The magnetic paint has a thickness between 0.1-0.2um. If the thickness of the
magnetic layer exceeds 0.2um, it makes the diffusion of the binder insufficient,
reducing the durability of the surface of the magnetic layer. On the other hand, if the
thickness of the magnetic layer falls below 0.07um, the resulting output is reduced [52,
53]. Indeed, according to Equation 2-1, decreasing the magnetic thickness of the
magnetic layer leads to an increase in the number of bits but this affects the output

signal. Hence more sensitive read sensors are required.

More recently, a new technology called AMP (Advanced Metal Particulate)
using an additional layer in between the magnetic layer and the substrate made from a
is that double coating technique can produce ultra-smooth coatings thus reducing

spacing loss, demagnetisation fields and isolated pulse width [52, 54].

The magnetic materials used nowadays in high-density MP, BaFe and ME
(Metal Evaporated) tapes have a higher coercivity than conventional metal oxide
particles. The magnetic layer is designed with lower surface roughness than
conventional MP tapes to increase the output signal by reducing the flying heights of

the tape [35]
One disadvantage of the MP tapes is that DC erase noise of MP media is relative

higher than other types of media (such as metal evaporated tapes) because of its

inhomogeneity [57].
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2.5.1 Tape Ingredients

2.5.1.1 Magnetic Particles

The magnetic particles are the “core” of an MP tape. The magnetic, chemical and
mechanical properties of them are very important since they are responsible for storing

the information on the tape.

There is a large number of materials used as magnetic particles such as: y-Fe;Os
(y-hematite), CrO,, Co-modified iron oxide, barium ferrite, ceramic coated iron,
passivated iron [29, 52]. The shape of the particles varies from acicular or rice grain for
y-Fe;03 to hexagonal for barium ferrite [55] and the standard size of the particles is
about 0.05 to 0.5um, thickness about 0.03um and the aspect ratio (length/width) is
situated between 10:1 to 10:5[35, 57]. Nagai and Inoue have proven using a dark-field
microscope that larger particles tend to have a multi-domain structure whilst most of the

smaller particles have one single magnetic domain [57].

Another important way of quantifying the amount of the magnetic particles within
the magnetic paint is the so-called packing-ratio and it represents the volume fraction of
magnetic material in total material on the magnetic layer of the tape. Usually, the
packing ratio is controlled by adding non-magnetic particles such as a-Fe,O3, TiO,,
BaSOy, ZnO or Al,O3 and by controlling it, one can vary various parameters of the tape
such as coercivity and roughness [52, 57]. In order to achieve the highest possible signal
the magnetic pigment loading should be as high as possible. However, mechanical
properties of a filled polymer degrade if the particle loading is too high therefore a
careful choice must be made. Modern MP tapes have packing ratio between 20%-50%

[57]
Since 1948 when the first ferric acicular particles were produced, the technology

has continuously advanced and nowadays smaller and smaller metal particles are

produced.
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In the beginning, in the early stages of the tape manufacturing, the magnetic
particles used were y-Fe,O3 but they had a low coercivity. The increased demands for
higher data storage densities and the reduction of the track width have lead the industry
towards magnetic particles with higher magnetic saturation fluxes. Thus, the industry
focused on metal iron particles that, in addition, are less abrasive than the iron oxide
particles and allow, for the same thickness, a higher output signal and a higher

resolution. [58]

The technology of producing these particles is quite complicated since they must
be produced at the right size and with the appropriate anisotropy. There are three main

stages that involve:

1) producing the non-magnetic acicular particles,
2) treating these particles in order to become ferromagnetic and then,

3) passivating them;

In order to generate the acicular shaped particles, different methods are employed:

a) reduction of the goethite (FeOOH) using hydrogen or an organic compound
(oxalate);

b) pyrolysis of a metallic carbonyl compound;

¢) adding a reducing agent to an aqueous solution of a ferromagnetic metal;

d) evaporation of a metal in an inert gas under reduced pressure to obtain a finely

divided powder;

In the first step, a chemical reaction between an aqueous solution of ferrous iron
with an alkali hydroxide or carbonate is produced leading to the formation of a colloid
suspension of iron hydroxide or carbonate. By blowing the suspension with oxygen
containing gas at pH bigger than 11 and temperature lower than 80°C, the hydroxide or
carbonate undergoes an oxidation reaction leading to a particular acicular goethite

(FeOOH). Then the newly produced goethite is carefully dehydrated at a temperature up
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to 500°C followed eventually by a heat treatment for annealing at a temperature up to

800°C in order to obtain a particulate acicular o-Fe,Oj. [52]

The next step consists of heating the particles in the presence of hydrogen to a
temperature of about 400°C and maintained under this condition until all the material
has been converted to Fe;O (magnetite) or y-Fe fact denoted by the jet black
appearance of the powder. The difference between these two species is given by the
treatment time. After that, the material is then allowed to cool down to about 100°C.

15]

In order to reduce the corrosive wear of the binder and to support a better
cohesion within the magnetic pigment but also to avoid spontaneous combustion, the
newly produced y-Fe particles are treated in order to create an outer shell of oxides [44,

45,52, 59. 60]. The process is called passivation and there are several ways of doing it:

a) Dipping the metal powder into an organic solvent with an oxygen-containing gas
bubbled to form the oxide film and then drying or,
b) Controlling the oxygen content of the atmosphere where these particles are baked:;

[52].

Unfortunately, passivating the iron particles is also reducing the saturation
magnetisation of the pure metal and may induce oxidation along grain boundaries thus
accentuating inhomogeneities already present in the unpassivated particle [60, 61]. The
coercive force obtained is generally between 1500 to 40000e and the saturation
magnetisation is from 110 to 190 emu/g. The water content of the particles depends
usually on the binder to be used during mixing. Further surface treatment with
aluminium, silicon or phosphorus may be applied in order to optimise surface

adsorption of specific lubricants and binders.
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2.5.2 Binder

The role of the binder system is to hold the metallic particles to the substrate and
together with the metallic particles and lubricants it forms the so-called magnetic paint
or magnetic layer. The substances chosen to be a binder must have a good physical and
chemical stability and must retain their characteristics in various environmental
conditions. They also must insure a good dispersability of the acicular magnetic
particles since an asperity of one magnetic particle diameter in height may induce a

spacing loss of 8dB [60]

The binder consists of a mixture of various cross-linked polymers such as vinyl
chloride resin, polyurethane resin, or amine-quinone polyurethane [61]. Generally, the
polymeric compounds consist in two phases: a hard glassy phase to give mechanical
integrity and a soft, rubbery phase. The glass transition temperature of the hard co-
polymer is much higher than that of the soft co-polymer, so the first one acts as the
physical cross-link whereas the soft co-polymer retains the rubber elasticity between
glass transition temperatures corresponding to soft and hard co-polymers [62]. The
degree of cross-linking between these phases must be carefully controlled since a low
degree would reduce chemical resistance of the polymer whereas an increase would
result in a more resistant to chemical attacks and an increased abrasion resistance but
also a tougher, harder and less flexible polymer. It is known that in the case of
polyurethanes chemical bonds included in several groups such as allophanate, biuret,
urea or urethane groups can break as a result of repeated mechanical stress and the

energy required can be as low as 20kcal/mol. [72]

The exact chemical formula used for the binder and the amount of the binder used
in the tape formulation depends on each manufacturer but generally the cross-linked

binder structure looks like in the figure below:
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Figure 2-13 Chemical structure of a typical binder [63]

In order to reduce the occurrence of scratches on the surface of the magnetic
layer, it is useful to increase the binder amount within the magnetic paint formulation.
The polymer has a glass transition temperature situated between 35°C to 90°C in order

to reduce the friction coefficient.

The interaction between the binder and the metal particles can be through
hydrogen bonding if both polymer and the iron particles have acid sites but it is
desirable to have an acid-base interaction since the chemical bonds are much stronger
thus improving interparticle adhesion and minimising particle shedding [64, 65]. It has
been proven that the surface of the passivated iron particles behaves as a base mainly
due to the oxyhydroxide sites on its surface. In this case the binder reacts with
oxyhydroxyde on the surface, cleans the surface, and bonds to the surface by primary or
secondary valence forces by means of ureas linkages. [66, 72] Additionally, the
coupling between the basic sites of the metal particles and acid groups of the binder
such as phosphoric acid groups or alcohol groups leads to strong hydrogen bonding

between the hydroxyl groups of polymers and particles [59, 67].

The polar groups most frequently used as “anchors” (wetting agents) are: -

COOM, -SOsM, -OSO3M, -P=0(OM),, -O-P=(OM), where M could be a hydrogen
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atom or an alkaline metal salt or group [52]. Other studies show that the phosphates
groups tend to interact better with the active sites of the metal particles or ferrite,
however the amount of the functional groups must be optimised since a higher level of
functional groups tends to deteriorate the hydrolitic stability of the polymer. [68] On the
other hand, the binders containing aromatic isocyanates groups with hydroxyl groups

are found to be more reactive than those containing aliphatic isocyanates. [69]

The amount of binder within the magnetic layer is between 13 to 50% by weight,
based on the magnetic powder. Based on the XPS measurements, the Cl/Fe ratio is

between 0.3 and 0.6 and N/Fe ratio is 0.03 to 0.12 [16].

Due to its essential role in maintaining the stability of the magnetic properties of
the tape, the binder chemistry is particularly of interest and is treated in a special

chapter.

By carefully choosing the polyurethane composition and the degree of cross-
linking for the binder within the magnetic coating, a relatively stable coating can be

achieved having good chemical and mechanical properties.

2.5.3 Substrate

The mechanical properties of the substrate also play an important role in
durability of the magnetic tape. During its manufacture, the tape substrate is commonly
referred as ‘the web’. The thickness of the substrate is nowadays between 4.5 to 8.8 um
and choosing it is of prime importance. A smaller thickness would increase the storage
capacity but it would also reduce the stiffness of the tape making it impossible to have a
good durability or occasionally making the head-tape interface unstable. On the
contrary, if the thickness is too high, the tape may exhibit a high stiffness making

impossible a smooth head-tape interface.
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According to Hooke’s law,

—=f2 Equation 2-8
With:

F — force

S — area of the sample

E — elastic modulus

Al —relative displacement
lo — initial

From the manufacturer’s data [16], one can compute the elastic modulus:
2-F = 40mg x 10ms™

S=8x50 mm*
Al = 5mm

—= =5Nm™

E:
Al 8-50-10°m?-5-107m

F 1, 20:10"kg-10m-s7-50-10" m
S

The thickness of the tape in this case was 13.5um that is numerically close to E°.
This rule between tape stiffness and the elastic modulus gives a rough guidance in

choosing the right candidate for the substrate.

Polyethylene naphthalate or polyaramide resins are the most common used
polymers replacing the older polyethylene terephthalate. The substrate may be subjected
to different treatments such as corona discharges, plasma treatments to increase
adhesion by generating unsaturated bonds, heat treatments etc. The surface treatment is
applied differentially so that the surface on which the back coating is to be applied is
rougher than the surface where the magnetic paint is applied. [52] These treatments are
performed because research showed that a smaller roughness (a smoother surface)
improves the electromagnetic characteristics whilst a rougher surface improves

durability.

The current substrates are almost entirely made from tensilised polymers. These

polymers are pre-stretched in order to improve their mechanical properties. A tensilised
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polymer has a higher tensile strength and a lower break elongation in the longitudinal
direction. [58] The substrate is tensilised preferably perpendicular to the direction of

motion due to the fact that it exhibits a better head contact [52].

In DDS2 tapes used during experiments, the substrate is made from PET. It is
well known that PET film degradation is complex. Both thermal degradation and
hydrolysis can occur at the same time. The difficulty arises in identifying which process

is the most destructive under a specific environmental condition.

Studies made at the beginning of 90’s by Edge and co-workers on PET polymer
films under different environmental conditions, particularly at high humidity and high
temperatures, revealed that at higher temperatures the effect of thermal degradation
appears to be more prominent whereas at lower temperatures hydrolytic degradation
dominates. [77] Furthermore, the rate of hydrolysis is increasing as the number of
carboxyl-end-group concentration increases. The thermal degradation that occurs at
high temperatures seems to be related with the fact that at temperatures above 80°C the
glass transition temperature of the polymer is exceeded and atoms of metal impurities
are able to migrate more readily into the polymer structure and accentuate the
degradation rate. The experiments were done on polymers subjected to natural or ageing

tests with the same result.
The authors also confirmed earlier observations which show that accelerated
ageing tests performed at 100%RH are giving similar results to those of natural ageing

processes.

Since the substrate is covered by the magnetic coat and backcoat, it is unlikely

that the substrate will suffer hydrolysis or thermal degradation during the tape lifetime.

2.5.4 Backcoat

Initially, the back coating of the tape was designed with a multiple roles: to

inhibit build-up of static charges formed due to friction, to reduce the frictional
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coefficient, provide a light screening effect, enhance the film strength and so on. The
capacity of dissipating the static electricity of the backcoat was mainly due to the fact
that it was intentionally designed to be the most hygroscopic component in the tape
formulation. [52, 78] Carbon black is the most commonly used material for back
coating. Although carbon black is still used, the newer backcoat has the same mixture of

compounds as magnetic coat but with a higher head-cleaning agents loading.
2.5.5 Lubricant

The main role of the lubricant is to reduce friction coefficient and increase the
durability of the tape sometimes by three or four orders of magnitude. Media lubricants
often consist of fatty acids and fatty esters. Lubricants on the surface of MP tapes are
diminished by the operation of the media. The lubrication performance is maintained as
a result of migration of the lubricant from the subsurface to the surface [79]. Hence, it is
preferred to apply the lubricant internally rather than topically. It is also been shown
that the speed of migration toward the surface increases with the decreasing of the
viscosity and thus with the chain length. Tests performed by Nishida et al [79] using
XPS technique revealed that the time needed for the lubricant to reach the surface is
between 50 to 800 seconds. The lubricant of higher migration speed proved to provide a
better stability of the friction coefficient. Different lubricants having functional
modified polar groups are tested to increase the area coverage and to increase the

frictional characteristics. [80]
2.5.6 Head Cleaning Agent (HCA)

Although initially, in the early stages of tape development, the role of the head-
cleaning agent was to maintain the head poles and the gap clean from the debris that
may results during normal operation, now HCA is been used mainly to give the tape
mechanical integrity. Various materials are used but most commonly are Al,O; or SiO,,
Cr,0s, artificial diamond, SiN having different shapes (needle, cubes, spheres). Usually,
the particle density is chosen to be higher than 50 particles/cm®. [52] Higher surface
asperities improve the tape lifetime and may reduce friction coefficient but on the other

hand it may increase the head to tape spacing. [81] In order to improve tribological
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properties of the tape, more recently a DLC layer is also applied on the surface of the

tape. [82]

2.6 Manufacturing an MP tape

Nowadays, almost all the tapes produced have two layers of coatings. On top of
the substrate it is coated a non-magnetic layer with similar formulation as the magnetic
pigment except that a-hematite or TiO, is used instead of y-hematite. Then the magnetic

paint is applied.

For non-magnetic layer as for magnetic layer, one of these coating methods [15,

52, 58]: are applied

e Blade coating;

e Roll coating;

e Gravure method;
e Extrusion coating;
e Dip coating;

e Spray coating;

The first step in producing the tape consists of mixing the magnetic particles
together with the binder and the some additives in order to produce the magnetic paint.
The step is accomplished usually in two stages: pre-mixing and dispersion. The particles
are added either all at once or they may be premixed with a part of the resin and then

added to the whole composition.

Since the magnetic particles have the tendency to agglomerate or to form lumps,
in order to obtain a good dispersion, very high shear forces must be developed to
separate the iron particles and to allow the solvent to interact with them. The most
common technique of dispersion is the ball mill: a jar filled partially with the dispersing

medium; as the mill rotates, the dispersing medium is carried up one side of the

43




container and then falls downwards. The speed of the ball mill is important since at a
reduced speed the dispersing medium will lay on the bottom of the jar and at high speed
the medium will be carried around the drum by centrifugal force. Other techniques
include vibratory ball mills, sand mill or use a very intense mixing in order to achieve
high shear. Poor mixing could lead to noise and nonuniformities and, eventually they
can cause dropouts. The time required to achieve a good dispersability varies from few

hours up to days.

Coating represents the second step and it consists of applying a uniform and
very thin film to a web of base film at a reasonable high speed. The speed of the web
must be kept constant. The coating must be uniform along and across the web. It should

also be very smooth.

The simplest method of coating is called knife or blade coating where the sharp
or very blunt blade of a knife forms a dam behind the magnetic paint reservoir. A small
gap exists between the knife and the top of the web. The gap size may be kept constant
or may be variable. Thickness variation of the substrate film or dirt deposited on the
web can cause coating thickness variation. A schematic representation of the device is

in Figure 2-14.

uncoated | [ ‘ knife
web i

Figure 2-14 A schematic representation of the knife coater [58]

An improved method that eliminates the thickness variation problem is using
reverse-roll coating (see Figure 2-15). The magnetic paint is applied in a relatively thick
layer to a very accurate, smooth-surfaced roll called applicator roll. The thickness of the
layer of magnetic paint carried around the roll is then controlled either by another roll

rotating in the same direction or by a blade similar to that used in knife coating. The
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mixture is then transferred from the applicator roll to the web the surface of which is
sustained on one or more rolls so that the film is moving oppositely to the surface of the
applicator roll. Thus, the coating is applied in a wiping action. Unfortunately, the

method reduces but does not eliminate thickness variations.
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Figure 2-15 Reverse-roll method [38]

The gravure method uses a different concept (Figure 2-16) similar to that used in
printing newspapers. The surface of the gravure roll is engraved with a series of fine
grooves closely spaced together designed to pick up the magnetic paint. All excess paint
is removed by using a blade so that the only material left is that contained in the
grooves. Thus, the magnetic paint thickness is depending only by the shape and pitch of
the grooves rather than by the spacing between two moving parts. The mixture is
transferred to the substrate that is moving in the same direction and at the same speed as
the gravure roll. Since the paint is distributed in the form of small ridges distributed
diagonally across the substrate, it is smoothed using a roller. Controlling this smoothing

is the real major problem of this method.
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Figure 2-16 Representation of a gravure coater [S8]

After coating, while the paint is still wet, a magnetic field is applied in order to
enhance the magnetic properties of the tape. Usually, the magnetic field is applied in the
direction of tape motion but in the case of tapes used in helical scan, the magnetic field
is applied across the tape at a certain angle. The magnetic field must be precisely
controlled since a tilt in vertical direction will induce an enhancement in the recording
when the tape is played in one direction and a decrease in the output when the tape is
played in the opposite direction. Both permanent magnets and electromagnets having

the induction up to 2000Gauss are used in order to achieve a higher orientation.

After orienting the magnetic particles inside the tape, the solvents are removed
by using heat and by blowing air. Further surface treatments are designed in order to
reduce the height of the largest projections on the surface, thereby reducing the head
tape gap and thus increasing the output especially at higher frequencies. One of the most
used methods called calendering consists in passing the tape through an assembly of
two or more highly polished rolls made of metal or polymer. The rolls are subjected to
heating up to 120°C. The tape is squeezed between these rolls at a pressure between 200

and 500 kg/cm” [52].
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The final step involves cutting the web into appropriate widths using circular

knives and packing the tape into the cartridges.
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2.7 Stains on magnetic heads

Today, the tape industry is driven by the necessity of increasing the data density.
The first solution involves the reduction of the thickness of the magnetic paint but this
will affect the signal playback. In order to increase the signal playback, one must switch
to higher coercivity magnetic tapes that will lead to write and erase difficulties. Another
solution is to minimise the gap between head and tape and thus, any deposits on the
heads must be minimised. Studies [83] show that in the case of MP tapes, in order to
achieve higher recording densities, the need to reduce spacing between head and media

is more important that the reduction of the acicular particle size.

According to Equation 2-1, decreasing the gap between tape and head will lead to a
sharper signal and thus to a higher density of bits per inch. According to Equation 2-2,
increasing the number of bits per inch means a shorter wavelength, which furthermore
means that the loss of signal will be more dramatic if a gap between head and tape

occurs at higher data densities.

Several authors [27, 10, 19, 28] have identified different phenomena as sources
of errors such as gap erosion, pole or MIG material recession, spacing loss caused by
loose or adhesive debris, macroscopic changes of the head profile or changes in
microstructure of the head material due to an increase in contact temperature between
head and tape. All of the above-mentioned processes introduce spacing between head
and media and according to Wallace law (Equation 2-2) a decrease in signal playback.
The decrease in signal playback means that the signal output corresponding to bit “1”
decreases, ultimately will be below the threshold value and will be read by the head as

bit “0” hence an error.
Chandler et al [27] believe, after experiments made with DDS tapes and drives, that

if there is a single cause for spacing loss, it is more likely to be contamination with stain

on the ferrite since the brown stain proved to be more continuous and tends to
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accumulate at the gap region. Also stain proved to accumulate especially on the trailing
edge of the head more than on the leading edge [84]. Stains have been reported in both

linear and helical systems [85]

Two types of deposits have been reported on the heads classified as adhesive
(adherent) and loose deposits. These deposits could be present as either spotty or as a

continuous film {86].

The term of friction polymer appeared for the first time in a paper signed by
Hermance and Egan regarding the telephone relays enclosed in plastic containers and
their conclusion was that it is mainly composed from degraded polymers [32, 86, 87].
Then, the existence of stains was first reported in a paper on ferrite heads by Lemke in
1971 who launched the hypothesis that stain is a friction polymer continuously being
removed and replenished from the binder system within the tape. The thickness of stain
was estimated to be less than 100 A and its presence improved wear resistance of the
underlying material by as much as a factor of 100 [32]. The ability of the stain to

improve the wear resistance of the heads was also reported in other papers as well. [88]

With the trend towards increasing the data density and the appearance on the
market of new types of tapes, the research extended to all kinds of tapes and heads and,
surprisingly it was found that the stains formed by an MP or barium ferrite tape are
different for those generated using other types of tapes. Its colour is brown but its

chemical composition is different.

Apart from its different colour, brown for stain generated by MP tapes and blue
or colourless for that generated by other kind of tapes, both types of stain reduce the
friction coefficient between head and media and are useful as long as they form a
uniform continuous film and their heights do not exceed few nm. A discontinuous thick
film would produce high wear and poor signal playback. Another common feature is
that they are sticky on the surface of the head and cannot be removed by simply using

cotton tipped applicator with a head cleaning solvent, as it is the case of loose debris.

It is generally agreed that stains start as small spots and then grow into bigger

patches and then into a continuous film. [86] Another series of visual observations made
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on adhesive debris have shown that the film has a preference to form along the edges of

the glass and ferrite.

The development of the stain under certain conditions is a dynamic process.
While running a tape against the head, new stain is forming continuously and the old
one is worn off. The process is balanced by the rates on which the stain is forming and

worn away. There are certain factors that can influence this balance:

e Environmental conditions
e Tape tension
e type of the tape (the abrasivity of the tape)

e Certain metals

Most of the authors agree that the adhesive debris tend to develop in
atmospheres which involve high temperatures and low humidity [29, 27, 86. 28,]. In the
experiments conducted at high humidities (more than 45%RH) the stains were not
observed and already present stains on the head were removed. It seems that the key

factor is the humidity rather than the temperature.

The tape tension also influences the stain development and evolution. It was
pointed out that a low tape tension enhances the development of the brown stain whilst
a higher tape tension will slow it down. This is due to the increased tape - head pressure,
which leads, according to Archard’s law, to a higher wear rate (equation 4). A higher
wear rate will involve higher rate of material removal and thus a reduced stain thickness

[29, 28, 89].

Another big influencing factor is the abrasivity of the tape but it is directly
related to the ability of the materials within the tape, especially head cleaning agents, to
wear. Increasing the abrasivity of the tape by increasing the amount of the HCA can
reduce staining, however an optimum must be reached since higher abrasivity can
exacerbate the wear rate of the magnetic heads [88]. Coating the tapes with a DLC
(Diamond-Like Carbon) layer can also reduce staining of the heads [82]. The wear

depends also on the number of asperities per unit area. It has been found that CrO, tapes
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are the most abrasive tapes followed by Co-Fe;O; tapes, MP tapes. The less abrasive

tape proved to be ME tape [29, 90].

Certain metals have been found to be catalyst and others to be inhibitors in stain
development. Lemke found studying laminated heads that Ni is the poison whereas Cu
is the catalyst for stain formation [86]. The results were confirmed by indirect
observations made by Bhushan [10] and also in 1995 by experiments of Liew et al [87]
who used a block of metal with three parallel surfaces made from copper, aluminium

and nickel upstream of the head.

An interesting aspect is to identify the constituent elements of such debris in
order to establish a model to explain the generation and evolution of the stain. There has
been and still is a large debate whether or not the stain consists of organic materials. An
entire arsenal has been used in order to gather the required information. AES (Auger
Electron Spectroscopy), FTIR (Fourier Transform Infrared Spectroscopy), EDX
(Energy Dispersive X-ray), ellipsometry, optical profilometry, SIMS (Secondary Ion
Mass Spectrometry), AFM (Atomic Force Microscopy), SEM (Scanning Electron
Microscopy), TEM (Transmission Electron Spectroscopy) are some of the techniques
used. Despite this, the investigation proved to be very difficult due to the size of the

area to analyse and to the size of the adhesive deposits themselves.

Initially, it was thought that these stains are frictional polymers, materials of the
tape, which were chemically altered during deposition process and compacted unaltered
materials (chemically speaking). It was thought that friction is the process that triggers
the formations of these kinds of stains and without the frictional heating energy the re-

polymerisation reaction would not be possible.

Ota et al [28] reached the same conclusion after studying brown stain on VCR’s
heads using the Scanning Electron Microscopy (SEM). Haloes observed in the
diffraction pattern and also surface charging during SEM investigations led him to the

conclusion that brown stain consists of non-conductive substance.

Studies made by Stahle and Lee [84] using AES technique revealed that the

brown stain consists of iron particles from the tape that are pressed on the metal region



of the MIG head. They didn’t find in Auger spectra any peak coming from the elements
of the metal alloy (namely Fe, Si, or Al) or the zinc from the ferrite region and this
finding demonstrates that the brown stain is not composed of the sendust alloy or ferrite

material.

Using SIMS analysis, Gupta and co-workers [91] found that stain obtained using
Metal Particulate (MP) tapes does not contain any organic species from MP tape; when
the head was run against MP tape, SIMS analysis revealed high concentration of iron
and a low concentration of carbon. The authors also have found low concentration of
iron, high concentration of carbon and the presence of chlorine in the top layer of stains
on the metal core of the head run against the Co-yFe,Os tape. This fact indicates that
stains are organic rich with trace amounts of iron and oxygen [91]. The stains produced
by Co-yFe,Os tape were thick and patchy whereas those by MP tape formed a uniform
film.

Using AES measurements and sputtering they were able to measure the
thickness of the stain: 30-75nm and to compare with the thickness of the stain produced
by Co-yFe;O5 tape .The last type of stain had more than twice the thickness of the stain
formed by MP tape. Biskeborn [86] found, based on the same technique, that deposits
extend below the head surface and that they are made of 90% atomic iron and oxygen
and do not contain MIG head (sendust alloy) elements such Al or Si and any organic

materials.

Until recently, the only solution to remove or to reduce the brown stain width
was to lap a relatively high abrasive tape along the head or to use high humidity. [84,
86] The lapping method induces an accelerated wear of the heads therefore it is not
desirable. Another solution was proposed by Hirofumi et al and involves coating the
magnetic head with a polymer [92, 93]. Kamei et al [94] have found that using a
chelating agent they can gradually remove the brown stain formed on the head. They
have used various concentrations of 1,10 phenanthroline deposited on the tape using the
dip-coating method with toluene used as solvent for dip coating and they have
discovered that increasing the concentration of this substance would increase the speed

of the removal of the brown stain. Another interesting observation was that 1,10
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phenanthroline wasn’t able to remove the brown stain when it was applied on the head
using cotton-tipped applicator. SIMS analysis performed on the heads revealed metal
complexes. They believe that the chelating agent forms metal complexes with the brown
stain but there is a threshold energy after which this chemical reaction occurs. The

energy is probably given by the frictional heat.

On the other hand, for the chemists the behaviour of phenanthroline as a
chelating agent - a ligand capable to attach itself to iron - is known since 1937 [95] and
since then it has been used as an indicator of iron presence. The chemical reaction takes
place between three molecules of organic compound and one atom of iron according to

the following equation [96],

Equation 2-9

and leads to the development of an organo-metallic compound which remains on the
tape. The ToF-mass spectroscopy revealed probably the existence of this organic
compound on the surface of the tape after running against a stained head. One important
thing is that usually these kind of chemical reactions take place mostly in solutions,
meaning when the molecules have a high degree of mobility and the fact that the
reaction occurs when both reagents are solid could prove that the frictional heat could

give additional energy and trigger such events.

Indeed, the real contact area between head and media is much smaller than the
visible area and in this contact points the pressure could be very high and thus the
temperature. Older studies estimated the local flash temperatures between two asperities
up to 900°C [51, 86, 97]. More recently, Ota et al [28] research on copper and iron
dummy heads revealed that the temperature at the head tape interface rises up to the

dynamic re-crystallisation temperature of the copper but does not exceed that of iron.
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They concluded that contact temperature would reach 200-500°C in local and small

contact regions. Similar results were found by Sullivan et al. [10]

If the experimentalists agree on the environmental conditions in which the
brown stains appear, not the same thing can be told about the phenomena that lead to
development of the stains. Several approaches were proposed. Sullivan et al [97]
suppose that stains are formed due to particle transfer directly from media to the head
produced by adhesive wear and held in place by ion-dipole interactions. The
development of the stain is reduced in high humidity atmospheres due to water
saturation of the active sites on the head thus reducing the number of adhesive bonds.
Another model [84, 86] suggests that the atmosphere moisture provides cooling whereas
reduced humidity can lead to higher contact temperatures and thus more energy for
more chemical reactions. The third mechanism proposed suggests that the organic
materials present in the tape structure may get involved in the early stages of the
formation of the deposit with true chemical bonding to the head surface. After that, a

phenomenon of building up of oxidised inorganic head and tape materials may follow.

Based on the experimental observations, Sankuer launched an interesting model
that has to be mentioned here. He suggested that stains could be a sort of
phthalocyanine, an organic or organo-metallic lubricant, derived from head-tape
interaction. Some properties of this class of substances are quite interesting:

e Graphite-like structure enabling cleavage and thus low friction coefficients;

e Colourless for metal-free compound, brown-coloured for iron compound, blue for
copper ones;

e Stable at high temperatures;

e Resistance to chemical and mechanical removal;

e Electrical semiconductivity.

The mechanism he proposed is that of molecular bonding of a thin layer of metal
phthalocyanine followed by additional build up of either metal or metal-free
phthalocyanine. Possible sources for this substance would be the binder and the
lubricant within the tape formulation, tape substrate and/or the surrounding atmosphere.

He went even further including this substance within the tape formulation. The results

54



showed a reduction in wear, and the XPS and AES analysis gave similar results as for

normal stain. [§6]

Observations of Talke [31] and then Lee and Talke [110] are very important
since some of the previous mentioned models fail to explain the promoting or inhibiting

role in stain development played by different metals.

The chemical composition of the adhesive debris is still controversial due to the
small amount of material to analyse and although progress has been made, new more

sensitive and higher resolution devices will help settle the argument.

To conclude, one must differentiate between debris produced using different
sorts of tapes: stains produced by certain tapes (MP, barium ferrite) have been found to
be formed mostly from iron and little or no organic material, whereas the debris
produced on heads by other types of tapes (y-iron oxides, CrOy) are composed mainly
from organic materials, degraded polymer. It has also been agreed that stain
composition and the amount of adhesive debris generated depend on the type of tape
used and on the head materials [85]. The stain growth is accelerated at low humidities
and high temperatures whilst at higher humidities stain is removed. Certain metals such

as Cu are stain promoters and others like Ni are inhibitors.
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3 Experimental procedures and techniques

This chapter describes the principles and techniques as well as the
experimental procedures employed during the experimental investigations. Transfer
films (stains) on the magnetic heads had to be generated and then analysed. The
environmental conditions that lead to the formation of the stains and their physical

properties influence on the data reading heads were investigated.

3.1 Apparatus and Techniques

3.1.1 DDS drives

The DDS drives used during the experiments are from the third generation
(DDS3). In order to communicate and operate the drive to perform the desired tasks, a
UNIX workstation and specific software was used. The sequence of operations the
drive has to perform can be customised by writing scripts in a code called mtcl
(manufacturing test code language). This feature was used extensively throughout the

research programme.

3.1.2 The mtcl scripts

As said before, the DDS drives had to be programmed using the mtcl code. The
scripts written in this code offers a large degree of customisation allowing one to
perform different tasks with the tape such as moving forward, rewinding, moving the
tape at a normal, double or fast speed, writing data, reading the errors occurred in
writing the data in a sequence suited for experiments. Once the script was written, it
was compiled using a piece of software called xmdb on a UNIX workstation and then
the resulting executable uploaded into the drive’s EEPROM memory. The advantage
of this method is that once the script was uploaded into the memory of the drive, the
drive operation itself is not dependent on the UNIX machine. Thus, the drives can be

mounted in an environmental chamber and the experiments can be started. The
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sequence of actions of the DDS drives as a result of different mtcl codes used are

presented in the sections describing each type of experiment.

3.1.3 The magnetic heads of a DDS drive

The schematic representations for both types of heads of a DDS3 drive (read and
write heads) are shown in Figure 3-1 and Figure 3-3. As one can see there are
differences between heads according to their function: the read head is a bulk ferrite
head and the write head is a MIG type (Metal in Gap) head. To prevent cross-talk
between neighbouring tracks, the gap of the magnetic heads is tilted with different
angles and the gap of the reading head is narrower compared with that of the writing
head.

the gap
/
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W,

/

glass
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Figure 3-1 A schematic representation (top view) of the read head on DDS3 drives
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Figure 3-2 AFM scan of a DDS 3 read head
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Figure 3-3 A schematic representation (top view) of the write head on DDS3 drives

Figure 3-4 AFM scan of a DDS 3 write head

Apart from DDS3 drives, DDS4 drives were used for a study of the wear rate
upon the humidity. The reading heads of the DDS4 drives are not bulk ferrite like the
previous generation instead they are sandwich heads, built on multiple layers of
deposited films. The feature has several advantages: permeability and flux density
higher than that of single crystals ferrites, reduced eddy currents, lower

magnetostrictive noise, lower wear.
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Figure 3-5 A schematic representation of a DDS 4 laminated head

Figure 3-6 AFM scan of a DDS 4 read head

A more detailed description of the DDS drives and heads as well as the

technology of recording data on these drives was given in chapter 2.

3.1.4 The tapes

All tapes used during the research were 120m long, metal particulate tapes
(MP tapes) from the second generation (DDS2 tapes). In the study concerning the
wear of the DDS4 drives, DDS4 tapes were employed instead. The chemical
composition of the tapes and the fabrication process is not precisely known but XPS

investigation showed the presence of the following elements:
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Element Percentage
Carbon 54.2%
Oxygen 30.6%
Nitrogen 0.9%
Iron 4.0%
Chlorine 4.7%
Aluminium 4.0%
Silicon 1.6%

Table 3-1 XPS quantification table of the tape elements

The presence of carbon and oxygen is due to a variety of components used in

the tape formulation. The iron signal is generated by the presence of magnetic

particles. The nitrogen and chlorine are good indicators of the binder polymer and

finally the aluminium and silicon signals are due to the presence of head cleaning

agents [98, 16].

The DDS-4 tape has a different formulation as one can see from the table

below:
Element Percentage

Carbon 48.3%

Oxygen 30.7%

Yttrium 4.1%

Iron 2.3%

Chlorine 1.2%

Aluminium 7.5%

Phosphorus 5.9%

Table 3-2 XPS quantification table of the DDS4 tape

In addition to carbon, oxygen, iron, chlorine and aluminium that have the

same role as in DDS2 tape, other elements like yttrium and phosphorus are added to

increase the wettability of the iron acicular particles to the binder polymer. [52, 99,

100,101, 98. 16]
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3.1.5 Environmental conditions

The various environmental conditions needed for the experiments were
obtained using a Heraeus-Votsch VIK 04/300 environmental chamber. The surface
topography and surface chemistry as well as the influence of stains on the error rates
and wear rates were studied as a function of moderate temperature and humidity
(25°C/35%RH) and extreme temperatures and humidities: 10°C/10%RH,
40°C/80%RH, 5°C/80%RH, 45°C/10%RH. The normal operating conditions for
DDS2 and DDS4 tapes are given below: [102]

Env. Condition DDS2 DDS4
Temperature range (°C) | 5-45 15-55
Humidity range (Y%oRH) | 20-80 10-80

3.1.6 The AFM (Atomic Force Microscope)

The Atomic Force Microscope is a mechano-optical instrument, which detects
atomic-level forces (of order of few nN) through optical measurements of movements
of a very sensitive cantilever tipped with usually hard, pyramid-shaped crystal moved
along surfaces. As it is moved along the surface using a piezo cylinder, the tip is
repelled by or attracted to it due to atomic forces between the tip and the atoms
composing the surface. The magnitude of the deflection is captured by a laser that
reflects at an oblique angle from the very end of the cantilever. The laser deflection is
converted into an electrical signal by four photodiodes. Thus, the topography of a
surface can be recorded. The figure below is a schematic representation of the
microscope. The microscope used for the experiments is a TopoMetrix Explorer
scanning probe microscope. Further image processing was performed using

Topometrix SPMLab v 3.06 software.
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Figure 3-7 Schematic representation of an Atomic Force Microscope

3.1.7 Techniques of chemical analysis

3.1.7.1 X-ray Photon Spectroscopy (XPS)

In order to develop a model of adherent debris formation, information about
their chemical composition was needed. Such analyses of the adherent deposits have
been made using various techniques such as SIMS, AES (Auger Electron

Spectroscopy) and XPS (X-ray Photon Spectroscopy) using VG ESCALAB 200D.

X-Ray Photoelectron Spectroscopy also known as Electron Spectroscopy for
Chemical Analysis (ESCA) is a widespread technique for investigating surfaces and
surface chemical changes. It consists in irradiating the sample with monoenergetic X-
rays and analysing the electrons emitted from the surface. The kinetic energy of the

electrons emitted varies according to the formula:
KE=hv - BE - ¢ Equation 3-1
Where

hv is the energy of the photon

BE is the binding energy of the atomic orbital from which the electron is emitted and

b is the spectrometer work function
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The binding energy is the energy required for an electron to be ejected from
the electronic shell. Since every electronic orbital has a well-defined energy, the
binding energy varies accordingly. Moreover, there are different probabilities of
electron emission depending on the chemical element and on the shell from which
electron is ejected. The spectrometer function is a constant dependant on the
apparatus. If there is more than one atom as it is in the case of surfaces, the energy
level of each electronic orbital will depend furthermore on the chemical bonds the
atom forms with its neighbours. Therefore, the electron emitted will carry information

regarding the chemical structure of the surface from which it generates.

Two elements are widely used as X-ray sources: Mg and Al with X-rays
having energies of 1253.6 eV and 1486.6 eV respectively. The penetration power of
these radiations limited to Ipm, which encompasses most of the important XPS
transitions, made them suitable for surface studies. The electrons excited by the X-ray
can escape form depths no more than 1-10nm due to inelastic scattering process. Also
the use of Mg and Al sources allows one to separate photoelectron and Auger lines

when interferences occur.

The advantage of this method is that it is non-destructive, meaning that the
surface will retain its original physical and chemical properties. There are certain
limitation though: the method cannot be used on small surfaces and the X-ray beam
cannot be precisely focused making difficult to obtain a chemical distribution map of
a particular surface. A second disadvantage is that it has to be used in vacuum
(pressure below 510" mbar) in order to allow escaped electrons to be collected. In the

case of Fisons Instrument VG ESCALAB 200D, the analysing area is limited down
to150 um.

3.1.7.2 Auger Electron Spectroscopy (AES)

Auger effect takes place virtually in the same time with the photoelectric

effect. The time gap between the electron ejected due to photoelectric effect and the



Auger electron is about 107"%s. After an electron from the inner shells has been ejected
due to photon absorption, another electron from the outer shell might occupy the
vacancy. The energy emitted by the second electron (a virtual photon) is absorbed by
a third electron from the outer shell that is being ejected. [103] Thus, the Auger
electron will posses a kinetic energy equivalent to the difference between the energy
of the initial ion and the double-charged final ion and is independent of the mode of

the initial ionisation.

For surface investigations however, the sample to be analysed is bombarded
with electrons of known energy and then the energy of the emitted electrons is
analysed. A beam of energetic electrons, 3 to 25 keV, is used to eject a core level
electron from surface atoms. To release energy, those atoms may emit auger electrons
from their induced excited state. The energy of the Auger electron, specific to the
atom from which it originated, is measured and the quantity of Auger electrons is

proportional to the concentration of the atoms on the surface.

The advantage of the method is given by the fact that the bombarding
electrons can be easily focused and then the beam can scan the entire surface and by
doing so, a chemical map of the surface can be easily created. However, the method is
less sensitive to small amounts of elements. Sensitivity of the method is 1% atomic
percentage. Accuracy of qualitative analysis is limited to =+ 30% if published
sensitivity factors of elements are used. [130, 131] The Auger lines are broader than
photoelectric lines hence the chemical shift information cannot be easily obtained.
Another drawback especially when using semiconductor or insulator samples is the
electrostatic charging in which case the sample should be tilted or its surface

bombarded with low energy electrons.
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Figure 3-8 Schematic representation of photoelectric (left) and Auger from photon
bombardment (right) phenomena [103]
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In conclusion, photoionisation usually leads to two emitted electrons, a
photoelectron and an Auger electron. The figure below is a schematic representation
of both Auger and X-ray electron emission. The figure below shows both
photoelectric and Auger phenomena that occur when bombarding a surface with X-

rays.

3.1.7.3 SIMS (Secondary Mass Spectroscopy)

The technique is one of the most sensitive methods in surface analysis making
possible to identify elements with concentration of 1 ppm (parts per million). By
bombarding the surface with Ar" or Ga®, atomic and molecular particles are emitted
and analysed using a mass spectrometer. The emission phenomenon of secondary ions
or neutrals from a surface as a result of high-energy particle bombardment is known
as sputtering. The sputtered products may be electrically charged or neutrals in which
case they need to be post-ionised in order to be analysed. By raster scanning the beam
across an area of surface and collecting the secondary ions at each point a chemical

map may be generated, technique called imaging SIMS [104].

There are two modes in which the analysis can be performed: dynamic and
static. The first one where the flux of the primary ions is large can be thought as a
destructive method since it errodes the surface and thus it may be possible to follow
the changes in elemental composition with depth. The second, developed late in the
60°s by a group of researchers led by Benninghoven, uses a much lower flux, and the
surface monolayer removal time is higher compared with the time required for
analysis. [104]
Unfortunately, since the sputtering process is not fully understood, it is impossible so
far to quantify the amount of elements present on the surface. Therefore SIMS is used
as a tool for an early indication of an element presence. Moreover, being so sensitive,
it is prone to surface contamination so the results obtained must be confirmed using

other analytical methods.

65



3.2 Experiment Preparation

3.2.1 Drive preparation, the reconditioning process

Prior to starting any experiments, the DDS drives were following a
procedure called reconditioning in order to remove any stains that might have been
generated in the previous experiments. By using an mtcl script, the drives were
programmed to pull a new DDS2 tape over its entire length at normal operation speed
followed by rewinding at fast speed to the beginning of the media. This process was
repeated for 24 times. Each drive that was reconditioned had its own tape. The
reconditioning experiment took place with the drives placed in an environmental
chamber that was set to 25°C/80%RH. The high humidity and the tape abrasivity
were to insure that any adhesive or loose debris were removed from the heads since
previous studies have shown that high humidity and a rougher tape can effectively
remove any adhesive debris present on the heads. Once the reconditioning process
finished, the tapes were removed and never used. The term “0 cycles” that is seen in

the AFM scans refers to the heads after the reconditioning process took place.

3.2.2 Tape preparation

The new tapes to be used for experiments were also prepared on a spare drive
under pseudo-environmental (laboratory) condition. The procedure was intended to
remove high asperities that are usually present on the tapes after fabrication process.
The script used in this case was similar to that used to recondition the drives but the
number of cycles the tape had to perform was reduced to two. The term pre-cycled

tape refers to those tapes that followed this procedure.
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3.3 Experiments

3.3.1 The Error Rate (ERT) Measurements

The DDS drives are able to measure the errors occurred in writing data on the
DDS tapes. The errors are reported as an Error RaTe (ERT), which represents the
number of bytes that were erroneous compared to the total number of bytes written on
the tape. Thus, an error rate of 10 means that in 10,000 bytes written on the tape one

was found to be erroneous.

The ERT experiments employed three reconditioned DDS3 drives and three
pre-cycled DDS2 tapes. The drives were writing 2000 frames of data, which
corresponds to about 2.1 metres of tape. The drive is programmed so the tape is
written with random generated data at each loop at the beginning of the section
cycled, in the middle and at the end thus generating a statistic of error rate per loop.
After a specified number of loops, the error rate is stored locally in the drive's
EEPROM. Error rates from both positive and negative channels were collected. With
this script uploaded, the drives were mounted in the environmental chamber and then
the temperature and humidity were set. After 5,000 cycles, the tape is ejected and the
error rates can be downloaded and saved a file using the UNIX workstation for further
analysis. A simplified flow chart of the script is presented in Figure 3-9. The influence
of the environmental conditions on the error rate has been studied at 25°C/35%RH,

10°C/10%RH, 40°C/80%RH, 5°C/80%RH and 45°C/10%RH.

Some of the drives failed to perform the designated number of cycles and this
occurred more often at high temperature and high humidity. Despite repeating the
experiments, the drives failed to complete the experiments in harsh environmental
condition. However, the same drives behaved well at moderate environmental
conditions suggesting that the fault was not caused by a faulty script but rather by the

environmental conditions employed.
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Figure 3-9 Simplified flow chart of the script used for measuring error rate
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3.3.2 Wear rate measurements

The script employed for these experiments was similar to that used for
measuring the error rate (see Figure 3-9) with the exception that the tape would be
ejected after the first 1000 cycles. Three DDS3 drives were used in conjunction with
pre-cycled DDS2 tapes. The wear rate variations upon the environmental conditions
were studied at 25°C/35%RH, 10°C/10%RH, 40°C/80%RH, 5°C/80%RH and
45°C/10%RH.

The wear rate of the heads was estimated based on the indentation technique
which consists of pressing a knoop diamond shaped micro-indent on the head's
surface with a constant force and for a fixed period of time (about 10s) and measuring
the size of the indent made. The indents were made on the ferrite region of the head at
various distances away from the head's gap. There is a direct relationship between the
length of the indent and its depth therefore by measuring the indent length at the
beginning and at the end of the experiment, one could find the depth change that
occurred hence the amount of material that has been removed. After indenting, the
drive was mounted in an environmental chamber and was cycling a DDS2 tape under

an environmental condition.
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D=L,/30.1

Ly — length of the indent

D - depth of the indent

Figure 3-10 A schematic representation of a knoop indent and the relationship

between its length and depth

As a convention the distance from the gap was measured using positive and
negative numbers, the negative numbers being attributed to the indents made on the
leading edge of the heads, whereas the positive numbers were attributed to the indents
made on the trailing edge. The indenting force used was 25gf (grams-force) and it was
carefully chosen taking into account that a higher force would crack the ferrite poles
whilst a smaller one would not make an indent big enough to last for 1000 cycles.
After the indenting process took place, the size of each indent was measured for three
times either by using an optical microscope or the atomic force microscope. The tape
was cycled on these drives at different environmental conditions and then the drums
were removed and the size of the indents was measured again for three times. The
difference between the length of the indent before the experiment and its length after
the experiment is proportional to the wear of the material. Since the depth of the
indent is proportional to its length [105], the wear rate of the material can be found. In

our research it was calculated using Equation 3-2:
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Wear rate = (LLLF) Equation 3-2
30.1-T

Where
Lo — the initial length of the indent
L¢— the final length of the indent

T —length of the tape cycled; in our experiments T~ 2.1 m

An AFM picture of an indent made on the head is shown in figure below.

25 50 pn
Distance Height

23.76 pm 21.18 nm
11.77 pm 435.5 nm

In the early experiments the length of the indents was measured using an
optical microscope but it was found to be difficult due to eye tiredness that led to
difficulties in appreciating the edge of the indents, therefore prone to generating
random errors. Later on, another solution was found, that of using the atomic force
microscope to generate the topography of the surface of the heads. Although time
consuming it was hoped that the method will reduce the errors of the measurements.
Despite reducing the random errors, the AFM seemed to have introduced systematic
errors and this could be explained if we consider that sometimes debris may be
covering the real edges of the indents. It is believed that negative wear rates that can
be seen on some of the graphs are the result of the errors occurred during
measurements caused by various factors such as debris covering the indents, eye

tiredness etc and obviously, they don’t have a physical meaning.
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Given the Equation 3-2 used for calculating the wear rate of the heads, the

error in estimating the wear rate was found to be:

AL + AL,
+ 4

Ad =+ Equation 3-3
L—-L,

Ad is the error estimating the depth;
AL, AL, are the errors in reading the indent’s length

L1, L, are the length of the indents before and after the experiment respectively

Taking into account the error of reading the indent length is the same then
Equation 3-3 becomes:

2AL
L-1L,

Ad == Equation 3-4

In the particular case of these experiments, AL;=AL,=0.1pm, and on average
L,-L,=2.5um. Taking into account these values one would get the error in estimating

the wear rate of Ad=8%.

However, apart from the error introduced by the instrument and the method of
measuring, random errors were also generated by the experimentalist. Generally,
these errors were found to be greater, therefore these errors are displayed on the

graphs.

3.3.3 AFM measurements

The purpose of the experiment was to assess changes that occur in the
topography of the heads at different environmental conditions by means of AFM
imaging and to compare with the error rates recorded. Therefore, the three DDS3
drives used were cycling a 2.1m long DDS2 tapes for 5,000 times as in the

experiments involving measuring the error rates.

The AFM measurements were focused mainly on positive read head since

Chandler et al [27] have found that the errors are caused mainly by the inability of the



heads to read data rather than the failure of the heads to write them on the magnetic
tape. The images obtained were compared with the one obtained after reconditioning
process. The term ‘0 cycles’ in AFM figures designates a head after reconditioning
process. The scan angle of the heads was most of the time set to 270° that is the tip
scanning perpendicular to the tape running direction. It has been chosen to use contact
mode since comparative scans revealed no difference upon the technique used.
Further processing of the newly acquired image included a second order levelling
which allows one to fit the scanned image to a plane and then to subtract the plane
from the image. In other words, the levelling allowed one to remove the manufactured

curvatures of the head and to have a plane image of the heads with their features.

In order to quantify the topography evolution of the head, area RMS was
measured. The formula is given by equation below and characterises the height
fluctuation from the average height of a particular surface [106, 107]. A smaller
number corresponds to a smoother surface whereas a higher number is specific to

rougher surfaces.

1 N 2 Equation 3-5
Roe=|—*2{Z, - Z,)

N =5
Z —height

N — number of points where Z has been measured

The figure below depicts the way in which the roughness of the surface was
measured. The area to be studied was covered by as many rectangles as possible and
then area roughness was computed within these rectangles. Although this method is
scale and instrument resolution dependent, yet it can give some evidence of the
surface changes that occurred. A better method to measure surface roughness requires

the use of scale independent fractal parameters that wasn’t available to us. [108]
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BRI
Area Ra: 5.7556 nm
Area RMS: 7.1935 nm
Avg. Height:  46.1194 nm
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Figure 3-12 The method used to measure area roughness; in this case, the roughness

of the ferrite poles is measured

Three DDS3 drives used for these experiments were cycling a 2.1m long
DDS?2 tapes for 5,000 times as in the experiments involving measuring the error rates.
The topography of the heads was analysed before starting the experiment and during
the experiment at different stages of tape cycled: 100, 1000 and 5,000 loops. In order
to allow topography analysis to be acquired during the experiment, the mtcl script that
was used for measuring the error rate was now slightly modified so the drive will
eject the tape after a stage of the experiment was completed. The drum of drive was
carefully dismantled, the heads cleaned of loose debris using a cotton-tipped
applicator and alcohol and AFM scans were performed. After that, the drive was
reassembled and put back into the environmental chamber for the next stage of
experiment. Same tape was used for the same drive during the experiment on one
environmental condition. The environmental conditions used were the same as in the

case of error rate experiments.
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3.3.4 SIMS analysis of the heads

The technique used gave an early indication of elements present in the
adherent deposits. Since the analysis involved removing the heads from the drum,
thus destroying the drum, only a limited number of heads were analysed: among
them, one head following a reconditioning process showing no visible stains present
on it and another being stained. The stained heads were obtained from a drive that has
been subjected to 45°C/10%RH and was running a DDS2 tape using the same script
as that used in the previous ERT experiments. An AFM scan was taken before SIMS
analysis on each of the heads in order to verify the physical presence of the adherent

debris.

Both glass and pole regions of the head were investigated. Because of the head
sizes, performing SIMS analysis proved to be a trade-off between the intensity of
signal and the sputtering rate. Although efforts have been made to reduce the damage
induced by bombardment and to perform static SIMS, sometimes unwanted but
unavoidable dynamic SIMS conditions were reached, leading to some of the spectra
being performed in the dynamic range of SIMS analysis. Due to the rapid depletion of
chlorine observed under vacuum conditions by different authors [12, 104], the
negative spectra were firstly acquired. The sputtering was performed using Ga in case
of heads or Ar in the case of the tape or ferrite samples. The pressure inside the
chamber was 10 mbar, the Ar or Ga current was ranging between 0.7-0.8nA and the

beam energy was SkV.

3.3.5 AES analysis

As in the case of SIMS, only a limited number of heads (2 reconditioned and 3
stained heads) was used for investigation. The head samples were generated using the
same script as for measuring the error rates at two different environmental conditions

25°C/80%RH and 40°C/10%RH. When using Auger Electron Spectroscopy, prior to
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starting the analysis, the heads were carefully dismantled from the drum and cleaned
using cotton tipped applicator and alcohol. Then, while in the main chamber, the
sample was etched using a current density of 2uA of Ar” for a half a minute in order
to remove or at least to reduce surface contaminants. The etch process was not
performed on the heads that were operating at high temperature and low humidity due
to the fact that the AFM imaging revealed that the adhesive deposits that usually
appear under these conditions have 10 — 14 nm thickness. The electron beam current
was 0.4 mA and the energy 5kV. Both glass and ferrite regions were investigated and,
in order to improve signal to noise ratio, the signal was acquired from the maximum
area possible. The samples were tilted in order to reduce to minimum surface
charging. The spectra were calibrated based on the assumption that the binding energy

of O KL1 peak is 530.1eV.

3.3.6 SIMS and XPS analysis of the tape

SIMS and XPS scans were performed on DDS2 tapes in order to compare
these spectra with the spectra obtained from the heads. Pre-cycled DDS2 tapes were
used.

In the case of SIMS, an Ar ion beam with the energy of 5kV was used. The

beam current was 0.6LA. Both negative and positive spectra were acquired.

The XPS was performed using MgK, source. The emission current of the
filament was 20 mA and the energy of the X-ray photons was 14kV. Several areas of
Imm?® were investigated. Spectra were acquired using 0.1 eV step size, and 10ms
dwell time. After acquisition, the spectra were smoothed at 15 points and 30 passes
and then calibrated assuming the binding energy of the C 1s peak at 284.6 eV. The
intensity of the peak was estimated after background subtraction using Shirley

algorithm [129].
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3.3.7 The stain simulation using the ferrite samples

Both AES and SIMS techniques employed before to analyse chemical
composition of the stains on the DDS magnetic heads have their own disadvantages.
SIMS, being very sensitive, is prone to record surface contaminants and since there is
no known quantification method of the elements present in the spectra, one cannot
distinguish between the contaminants and the rest of elements. AES is far less
sensitive and is neither able to detect elements present in small amounts nor their
chemical state. On the other hand, XPS can quantify the percentage of elements
present on the surface and is able to reveal chemical bonds that the atoms are forming
with their neighbours but the samples to be used need to be larger compared with the
previous two methods. Since the DDS heads were very small, XPS investigation was
difficult to use, therefore in order to fully analyse chemical composition of the stains,

a way of reproducing them on a bigger scale was required.

To generate stains six ferrite bars were employed, other three being kept for
comparison. The samples were 19 x 2.8 x 0.7 mm, having the same chemical
composition as the ferrites used in the DDS3 heads and they were polished along
<110> crystallographic plane. The six bars were mounted on a loop tester as in Figure
3-13 in an environmental chamber. The conditions inside the chamber were set at
45°C/10%RH, known to promote staining on a DDS3 drive. The set-up employed was
an attempt to reproduce the conditions encountered in a DDS drive during operation
at high temperature and low humidity. The DDS2 tape used ran at high (>3000 rpm;
~4m/s) and low (<45rpm; ~5mm/s) and the experiments finished when the tape
snapped. As a remark, the experiments at high speed took about half an hour whereas
that at low speed took two days. The tape tension was set at 39.2mN (4g), similar to
that encountered in a DDS3 drive. Due to the fact that the surface of the ferrites was
flat, in order to increase the contact area between tape and the ferrite samples, the tape
was biased by applying 10V on it. Since the adhesive bonds between of the stains to
the surface is very high (up to 10 eV) compared to the energy due to the electrostatic
charging [10], it is unlikely that stains generated during this method will differ
dramatically from those generated under normal working conditions of a DDS drive.

Moreover, electrostatic charging may occur in DDS heads at low humidities taking
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into account friction forces between the tape and the head and considering that ferrites

are insulators.

Chemical analysis of the surfaces was done using XPS. All ferrite bars were cleaned
with a cotton tipped applicator and alcohol prior to analysing. Surface topology of the
ferrites was acquired bz using AFM in order to insure that the ferrite surface is stained
prior to XPS analysis. Mg K, X-radiation was employed for the XPS examination, at
a source excitation energy of 14 keV and emission current of 20 mA. An analyser
pass energy of 20 eV with step size of 0.1 ¢V and dwell time of 100 ms were used
throughout. Calibration of the spectra was done considering C 1s binding energy at
284.6 eV. To avoid any misinterpretation the XPS spectra were saved as they were
acquired that is without any smoothing. In order to increase signal-to-noise ratio, the
area investigated was Imm?. Several regions along the bars were analysed in order to
determine the fluctuation of the concentration of each element thus having an
indication whether the element is a contaminant or is present in the stains
composition. The pressure inside the main chamber during experiments was below

5x10” mbar.
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Figure 3-13 The loop tester used for staining the ferrite samples

Another series of experiments were to simulate stains but without biasing the
ferrite samples. In order to increase the ferrite-tape contact surface, the surface of the
ferrites has been manufactured with a curvature similar to that encountered in real
DDS heads. However, the XPS analysis performed prior to the experiments has
revealed the presence of chlorine and nitrogen that led to the conclusion that the
curvature was made using a lapping techniques, that means a high abrasive tape. The
ingredients of this type of tape are similar to that of an ordinary tape, meaning that the
binder polymer is present here as in a normal tape. Unfortunately, since no technique
that would clean entirely the surface to remove any traces of chlorine and nitrogen

was found, further experiments involving these ferrites were halted. (see also chapter

4)
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3.3.8 The ferrite behaviour at high humidity

The aim of the experiments was to measure the changes that occur on the surface
of the ferrites after exposure to high humdities. For all the experiments conducted,
three ferrite bars (19 x 2.8 x 0.7 mm) having the same chemical composition as the
DDS heads were used. Sample number one was kept under normal laboratory
conditions for comparison. The second sample was maintained at 45°C/80%RH for
approximately two days using the environmental chamber. Finally, the last sample
was boiled in de-ionised water for about two days. Chemical analysis of the surfaces
was conducted using XPS (X-ray Photon Spectroscopy) in Fisons Instrument VG
ESCALAB 200D using MgK, radiation. A wide energy scan was collected at the
beginning of the experiments in order to identify all elements present in the ferrite
surface. After smoothing, all the spectra were calibrated assuming C 1s peak at 284.6
eV. After identifying the elements, narrow scans of each element were then collected
using a 600pum? analysis area. The base pressure inside the chamber during the

experiments was below 6x10” mbar.

The time evolution of the peaks upon different conditions was investigated using
various other experiments. In one of them the boiled sample was left for about 18
hours at high vacuum conditions (below 10" mbar) and another scan for the elements
was made. Further measurements were done after heating the sample up to 120°C for

about two days using a hot plate.

Initially the experiments tried to estimate the changes by measuring the variations
occurring in the shape of the Fe 2p/3 peak at 712 eV binding energy but the
quantification of the peak proved to be extremely difficult due to the presence in that
region of the shake up lines of iron. As a result, the efforts were focused on
identifying the chemical changes that might have occurred by using the oxygen O s
peak. The experimental spectrum of oxygen was modelled as a superposition of three
peaks corresponding to oxygen in metal oxygen bonds (M-O), oxygen in hydroxide

group (OH) mainly coming from FeOOH formed on the surface and finally, water
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(H,0). The oxygen peak synthesis was carried out assuming the following

parameters:

Peak Binding energy (eV) FWHM (eV)
M-O 529.5 1.5

OH 531.0 1.6

H,O 532.4 1.9

We assumed that the water peak is due mainly to chemically bonded water simply
because we have not seen a sudden increase in pressure when the sample was exposed
to high vacuum prior to experiments. The amount of each component was expressed

as relative variation to the total amount of oxygen for easier comparison.

3.3.9 Study of the wear rate at the same water pressure

The study has proposed to give clues about the critical parameter that affects
the wear of the heads since it is not yet known whether the relative humidity or the

total amount of water influences the wear.

For these experiments, DDS4 drives and DDS4 tapes were used. The mtcl
script used was similar to the one used previously but it was slightly modified so the
number of cycles performed was 2000. This number was chosen since it has been
found that the wear rate in this particular configuration of tape and drive is very low.
However, even 2000 cycles were found not being sufficient enough to generate a
visible wear, therefore the measurements should be taken with the necessary caution.
The low wear rates seen is related probably to an increased hardness of the DDS4
heads compared with DDS3 heads and lower abrasivity of the DDS4 tape compared
with DDS2 tape. A further increase in the number of passes would have led to a very

large timescale for experiments (more than three weeks).
The environmental conditions were chosen so the water vapour pressure inside

the chamber would remain constant and also taking into account the limitations of the

environmental chamber.
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Experiment. Environmental Water vapour pressure (kPa)
Number condition
1 10°C/63%RH
2 24°C/25%RH 0.79
3 41°C/12%RH

The amount of water present was computed using the following formula
[128]:

p, =6.1365-107 ~RH~exp(%%%~Tf) Equation 3-6
97 +

Where p, is the actual water vapour pressure in kPa, RH the percentage of relative

humidity and T the temperature in degrees Celsius.

3.3.10 Contact angle measurements

The variations of the surface energy upon different environmental conditions
were to be studied on both ferrite and tape surface in order to compare the variation of
adhesive forces of both surfaces in different conditions. The ferrite samples were
square shaped with a large surface, (19.1x19.1x1.7 mm) so that the droplets won’t
touch the edges. It involved mounting tape and ferrite samples into an environmental
chamber and measuring the surface energy of the samples using the sessile drop
technique. The measurements took place under pseudo environmental conditions
(about 25°C/35%RH) and high temperature and high humidity using a GBX DigiDrop
contact angle meter. The contact angle is an average of several measurements that
took place in several spots of the surface, insuring that the droplet is placed to a
surface not used before. Two liquids were used: diiodomethane (non-polar) and
distilled water (polar). The volume of each droplet was Il and during the
experiments manual and semiautomatic evaluation of the contact angle has been
performed. By comparing the adhesion forces of ferrite and tape one could draw some
dualitative conclusions about the probability of a loose particle to stick to one surface
or to another. If the adhesion forces are higher for ferrites than for tapes surface, then

the probability of a particle to stick to ferrite’s surface is higher than to tape’s surface.
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On contrary, if the adhesion force is higher in the case of DDS2 tapes, than a particle

will remain stuck to the tape or glue to it in case it is loose.

Unfortunately, due to technical limitations of the devices we were unable to
perform a full study. However, from the preliminary results, one can see that there are

variations of the surface energy that need to be further investigated.

3.3.10.1 Surface energy evaluation by contact angle technique

Contact angle measurements may offer hints about the interfacial forces
between two surfaces. Particularly of interest for our study were the adhesion forces
since one mechanism of stain formation emphasises their role [97]. A method very
often used is the sessile drop technique, which consists in measuring the contact angle
of a liquid with the surface under study. If the surface energy of a surface is less than
the surface tension of a given liquid, then the surface will repel the liquid. Therefore if
the contact angle is above 90° the surface is said to repel the liquid and if the angle is
below 90° then the liquid is said to wet the surface (see Figure 3-14). If the contact
angle is acute, the adhesion (polar) forces are stronger the non-polar forces and there
are mainly due to hydrogen bonds as stated by Fowkes [109]. The static contact angle
is measured by taking the angle between the liquid/solid interface horizontal and a
line tangent to the liquid surface at the point where the liquid is in contact with the
solid surface. In order to measure both polar and dispersive components of the surface

energy two liquids with different tension energy are needed.

liquid

I—
surface % %

Figure 3-14 Measuring the contact angle: 8<90° and the liquid is wetting the surface
(left); 6>90°and the liquid is repelled by the surface (right);
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4 Experimental Results

A brief summary of the experiments performed is given in the following tables.

Exp. 25°C/ 10°C/ 40°C/ 5°C/ 45°C/
type/env. 35%RH 10%RH 80%RH 80%RH 10%RH
condition
ERT 4 5 3 2 4
Wear rate 4 2 3 2 2
AFM 4 2 2 2 2
AES 2 - - - 3
SIMS 2 - - - 1

Table 4-1 The number of heads used during various experiments

Limited AES and SIMS experiments involving stained and stain free heads were

performed since the analysis involved destroying the drives in order to reach the DDS

heads.

Experiment type Number of ferrite samples used
Ferrite behaviour at high humidity 9

Stain simulation 9

Surface energy evaluation 4

Table 4-2 Number of ferrite samples used in the study of the ferrite behaviour at
different environmental conditions and stain simulation

Experiment

type/environmental.

condition

10°C/
63%RH

24°C/
25%RH

41°C/
12%RH

Wear rate at the same water

pressure

4

3

4

Table 4-3 Number of heads used in the study of the wear rate at the same water

pressure
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4.1 The ERT measurements

Figure 4-1 and Figure 4-2 show the RAW (Read After Write) errors obtained on

drive number 2 on positive and negative channels after 10000 passes under 25°/35%RH.
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Figure 4-1 RAW errors on positive channel after 10 000 cycles

As one can see, this drive displayed a decrease in error rate with an increase of
in number of cycles. Excepting the first 10-15 cycles when the errors were relatively
high and fluctuated, the trend was descending. The high error rate from the beginning is
due to the reconfiguration of the shape of the head’s curvature and reconfiguration of
the tape to the head and it commonly occurs in all drives tested. The higher error rate at
5 000 cycles is due to the fact that at that time the tape was ejected from the drive and

then put back again and the same process as in the first cycles occurred.
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Figure 4-2 RAW errors on negative channel after 10 000 cycles

The second drive tested showed a similar behaviour as one can see from Figure
4-3 and Figure 4-4. However, after the relatively high errors at the beginning the error
rate decreased and then at 1000 cycles the errors started to increase again due probably
to loose debris becoming entrapped between head and media. Tape failure occurred
after 3000 cycles and the drive was unable to finish the experiment. It must be
mentioned that despite the slight increase of the error rate, the absolute value remained

however very low.
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Figure 4-3 RAW errors on positive channel after 3 000 cycles for negative channel
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Figure 4-4 RAW errors on negative channel after 5 000 cycles for drive 9

At 45°C/15%RH, the experiments revealed an increase of the error rates as the
number of passes increases. The increase was seen on both drives by an order of

magnitude from 10* to 107, The process of signal degradation seemed to start after the
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first 1000 cycles and continued as the media degraded and the stain became thicker thus

increasing the distance between head and media.
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Figure 4-5 RAW errors on negative channel after 5 000 cycles
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Figure 4-6 RAW errors on positive channel after 5 000 cycles
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Figure 4-7 RAW errors on negative channel after 5 000 cycles
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Figure 4-8 RAW errors on positive channel after 5 000 cycles
In the next environmental condition tested, 5°/80%RH, the results obtained
show a constant decrease of the errors with the number of passes or maintaining to a

low, fairly stable level of them as was the case of drive 2 (Figure 4-11) despite the fact
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that both drives did not finish the experiment. It is believed that failure of the drives was
caused by the harsh condition employed, at the limit of the manufacturer’s
recommended temperature and humidity values. The level of errors is comparable with

that at 25°C/35%RH and one order of magnitude lower than that at 45°C/10%RH.
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Figure 4-9 RAW errors on positive channel after 2 500 cycles
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Figure 4-10 RAW errors on positive channel after 2 500 cycles
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Figure 4-11 RAW errors on positive channel after 5000 cycles
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Figure 4-12 RAW ERT of the drive 2 on negative channel after 5000 cycles

At 40°C/80%RH the error rate fluctuated and it was situated at high levels
during the experiments for both drives. Errors on both positive and negative channels of
the drive 10 had the same trend suggesting that the change must have occurred not on
one single head but either on the tape side or on the electronic side of the drive. It also

worth noticing the high level of error bars indicates that even during one cycle the errors
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fluctuated dramatically, possible due to loose debris or to a very dynamic process of

stain building up and removal.
Both drives experienced a worsening of errors, higher fluctuation in the last

cycles, fact suggested by the higher error bars towards the end of their tests.
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Figure 4-13 RAW ERT of the drive 10 on positive channel after 5000 cycles
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Figure 4-14 RAW ERT of the drive 10 on negative channel after 5000 cycles
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At 10°C/10%RH, the drive number 2 had similar behaviour as at 40°C/80%RH,
with high fluctuations and error levels measured. In both environmental conditions the

drive showed a worsening in level of errors as the experiments progressed.
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loop

Figure 4-15 RAW ERT of the drive 2 on negative channel after 5000 cycles

On the contrary, on the drive 10 despite the fact they were reduced in absolute
value, the error rate showed large fluctuations during the same loop, fact confirmed by
the large error bars seen towards the end of the experiment. Drive 9 that failed on
previous experiments at 40°C/80%RH, now failed at 2500 cycles. Before failing, it
displayed a dramatic increase in errors. Again, the trend was similar to both channels
and the errors increase on both channels in the same time. The behaviour may indicate a

head failure rather than stains building up on the poles.
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Figure 4-16 RAW ERT of the drive 10 on negative channel after 5000 cycles
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Figure 4-17 RAW ERT of the drive 10 on negative channel after 5000 cycles
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Figure 4-18 RAW ERT of the drive 9 on positive channel after 2500 cycles

40- drive #9
10°C/10%RH

304 neg channel I

=

il 20+

[1'd

Ll

104

0_ _1: T T T T v T T T !
0 500 1000 1500 2000 2500

loop

Figure 4-19 RAW ERT of the drive 9 on negative channel after 2500 cycles
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4.2 Wear rate measurements

The experiments were focused mainly on the read head from the positive channel.
The indents were measured after streaming 2.1 metres of type for 1000 cycles and on
one occasion for 5000 cycles. The results obtained for the drives running at
25°C/35%RH confirm that wear tends to be higher in the trailing edge of the head rather
than in the leading edge. These results could be explained by taking into account that
loose debris tended to accumulate at the trailing edge and to produce three body
abrasion which is more significant than the polishing wear process caused by tape.
Another explanation would be if one takes into account different orientation of the
crystallographic planes in these ferrites used for DDS heads. It has been found that the

same crystal wears differently upon crystallographic plane. [29]
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Figure 4-20 Wear rate of the positive read head on drive 3 after 1000 cycles
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Figure 4-21 Wear rate of the positive write head on drive 3 after 1000 cycles
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Figure 4-22 Wear rate on drive number 4 positive read head after 1000 cycles
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Figure 4-23 Wear rate on drive number 4 positive read head after 1000 cycles

Although it had same behaviour as the previous drive, trailing edge wear rate
being higher than that of the leading edge, drive 4 proved to have a very high wear rate
overall. Since the reading and writing speed is the same for both drives, the behaviour
may be the result either of the different head protrusion in this case compared with the
previous drive (a higher protrusion involving a higher wear rate) or a different tape
tension [110]. But the fact that both positive read and write heads of the drive number 4
had the same relatively high rate of wear suggests that most plausible hypothesis is that

the tape tension was different.

At 45°/10%RH, the characteristic of the heads to wear more at the trailing edge
than at the leading edge encountered at moderate humidity has been maintained but in
this case, the overall wear rate decreased dramatically. The figures below show the wear
profile of the heads. By increasing the number of cycles further to 5000, the trend of the
heads seen in the previous environmental conditions to wear more on the trailing edge

than on the leading edge tested was maintained.
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Figure 4-24 Wear rate on drive number 5 positive read head after 1000 cycles
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Figure 4-25 Wear rate on drive number 11 positive read head after 1000 cycles
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Figure 4-26 Wear after 1000 and 5000 cycles on drive 11

At 5°C/80%RH the overall wear rate proved to be the highest compared with
previous environmental conditions. After the first 1000 cycles almost all indents made
on the heads had disappeared. Under these circumstances the wear rate was difficult to
estimate precisely, however it can be said that the rate was higher than 1.6-1.7 nm/m as

shown in Figure 4-27. After further 4000 cycles, all indents had disappeared.
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Figure 4-27 Wear of the drive 5 positive read head after 1 000 cycles at 5°C/80%RH
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Figure 4-28 Wear of the drives 11 after 1 000 cycles at 5°C/80%RH

The fact cannot be attributed to the amount of water present in the chamber’s
atmosphere since calculation (Equation 3-6) revealed that at 5°C/80%RH the amount of
water is the lowest compared with environmental conditions tested previously (see

Table 4-4)

Environmental condition Water vapour pressure
25°C/35%RH 1.11
45°C/15%RH 1.44

5°C/80%RH 0.70

Table 4-4 Computed values for the water vapour pressure at different environmental
conditions

A possible explanation would be if we take into account the glass transition
temperature of the polymer within the tape. As the temperature decreases, the polymer
is becoming stiffer and thus the polishing process at the interface head-tape is more
effective. Probably the highest wear rate encountered at 5°C/80%RH is due to the
cumulative effect of the water and the abrasivity effect of the tape. If it were the case of

the polymer binder becoming stiffer, the tape contact profile would have been changed

101



involving tape having more contact with the head in the region of the gap, which means
higher wear. Figure 4-28 shows indeed that wear is higher towards the gap region but
unfortunately the data cannot be verified using Figure 4-27 since on the positive head of

the drive 5 the indents disappeared completely in the middle of the head.

For both drives used for experiments, the wear rate at high humidity was slightly
higher towards the trailing edge of the head. This became more evident for the drive 5

that performed 5000 cycles.
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Figure 4-29 Wear rate of the drive 5, positive read head after 1000 cycles
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Figure 4-30 Wear rate of the drive 5, positive read head after 5000 cycles
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Figure 4-31 Wear rate of the drive 11, positive read head after 1000 cycles

At 10°C/10%RH, the wear rate was found to be small most probably because of

the stains forming on the heads (see also next section regarding AFM scans). As a



conclusion, stains have been found to decrease the wear of the heads, its dynamic

behaviour preventing large amounts of head material being removed by abrasive wear.
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Figure 4-32 Wear rate of the drive 5, positive read head after 1000 cycles
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Figure 4-33 Wear rate of the drive 11, positive write head after 1000 cycles

104



4.3 AFM imaging and area roughness results

4.3.1 AFM scans of the tape

AFM scans were taken of DDS2 tapes during the experiments. Generally, the
scans reveal small bumps of about 20 nm height that are probably due to polymeric
binder. After the first cycles of operation, the top layer of polymer was probably
removed revealing other tape constituents as well. After 1000 cycles, crystals of 1pum
can be seen on the surface of the tape, probably crystals of SiO, and AlbO; that were
commonly used in DDS2 tape formulation as head cleaning agents. According to tape
manufacturers [16, 99, 100] the head cleaning agents used have a preferably size of 0.2-

0.8um.
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Figure 4-34 AFM scan (10x10 um) of a virgin tape
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Figure 4-35 AFM scan (10x10 um) of the tape after 1 000 cycles (the arrows
point to HCA particles)

Towards the end of the experiments, the particles have disappeared being
removed probably by the intensive wear occurring during normal operation of the tape
and a series of pores are uncovered. It is believed that these dips are manufactured in
order to allow the lubricant to migrate from the bulk magnetic coating to the surface and
replenish the lubricant that is being depleted therefore insuring constant head-to-tape

lubrication.
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Figure 4-36 AFM scan (10x10 um) of a tape after 5 000 cycles

4.3.2 AFM scans of the DDS-3 heads

At 25°C/35%RH, as one can see from figures below, the DDS drive shows stain
at the upper part of the glass region (left side of the picture) even after the
reconditioning process. The stains seem form a continuous layer. There could be two
explanations for this feature. First, it could have been the result of the tape tension not
being high enough to produce sufficient wear and thus to remove the stain from the
previous experiments. Second, if one takes into account the head’s curvature the
continuous layer of stain could have appeared because the tape did not event make
contact on that region of the head. However, in both cases the normal load was lower

than in the neighbouring glass regions or ferrite poles.
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Figure 4-37 Drive 5 after 0 (a), 100 (b) and 1000 (¢) cycles

As the number of passes increased, the average height of the glass region
increased. Since the wear rate of the ferrite was found to be low, it was supposed that
the increase is due to the process of stain building up. The ferrite region of the head
seemed to remain clear and few spots of stain or loose debris of 2 to 3 nm height could
be seen. The preferential deposition of adhesive debris is probably related to the fact
that the glass region is recessed compared with the ferrite region that leads to a lower

load force of the tape therefore a lower wear rate.

Patchy areas of stain were present on the glass region of the drive number 6 right
from the beginning of the tests. Given the fact that the measured average height is lower
than that of the ferrite, it is believed it cannot influence the signal quality. The change in
stain areal coverage was visible after the first 1000 cycles. After 5000 cycles, the stain
formed a continuous layer all over the glass region but the ferrite poles seemed to
remain clear. The stain on the glass increased in areal coverage and height. Abrasion
marks were visible along the poles after the first 100 cycles probably due to the tape

asperities. Apart from that, a deep abrasion mark present on the glass region after 100
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cycles seemed to be totally covered by stain after S000 cycles. It must be pointed out the
big difference between the gaps of the drives. The drives number 6 and 7 had a gap
width of about 3pum whereas usually the gap is of order of few hundreds of nanometers.

The big gap width is due to the excessive wear encountered by these particular drives

during previous experiments.
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Figure 4-38 Drive 6 after 0 (a), 100 (b), 1000 (c) and 5000 (d) cycles

The drive 7 has had a similar behaviour as one can see from Figure 4-39. The
abrasion marks along the poles, probably caused by the HCA (Head Cleaning Agent)
particles, seem to be more pronounced compared with drive 6. A large crack, of about

Imm height, appeared after 1000 cycles and made roughness quantification of the area

extremely difficult.
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Figure 4-39 Drive 7 after 0 (a), 100 (b), 1000 (c) and 5000 (c) cycles

Similar to drive 5, the drive 8 had its glass protrusions filled with stain in the

right side of the head. After 1000 cycles, the stain formed a continuous layer in the glass

region. No stains have been identified on the poles.
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Figure 4-40 drive 8 after 0 (a), 100 (b) and 1000 (c) cycles

At 45°C/15%RH things changed dramatically, as one can see from the pictures
below. The reconditioning process was inefficient and thus both poles and glass regions
have shown the presence of stain in large amounts. Height measurements on pole areas
revealed that stain is about 14-16nm height and it has a smearing feature. As the number
of passes increased, the stains covered a larger surface and had the tendency to deposit
mostly in the glass region. This is probably due to the fact that glass is rougher and
lower than the ferrite and thus the normal load of the tape and thus friction force and
wear are lower in these regions compared with the ferrite region. Taking into account
the previous images acquired of the same drive at different environmental conditions
and the fact that the head was wiped using a cotton applicator and alcohol the
conclusion is that at 5000 cycles, the glass region is almost entirely covered by a thick
layer of stain. Measurements performed across the gap and in the ferrite and the glass
region, supposing that the gap is stain free after reconditioning process, revealed that the

thickness of the stain is between 30 to 40nm.
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Figure 4-41 Drive 6 after 0 (a), 100 (b), 1000 (c) and 5000 (d) cycles respectively

Similar to drive 6, drive 8 showed stain even after reconditioning process as one
can see from Figure 4-42. An interesting feature can be seen right after reconditioning
process at one of the poles: It could be either caused by crystallographic defects of the
ferrite or it may reveal that actually the ferrite poles are covered by an organic/stain
layer. After 100 passes these features disappeared, probably being covered by a fresh
layer of organic material. At the end, the head is totally covered by a very thick and
discontinuous layer of stain. The process could be responsible for the early failures

previously seen on other drives when measuring error rate.
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Figure 4-42 Drive 8 after 0 (a), 100 (b) and 1000 (c) cycles respectively
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The experiments performed at 5°C/80%RH showed very little or no stain on
ferrite poles. Although the poles remained clear during the entire length of the
experiment, the glass regions displayed patches of stain. Three scratches can be seen on
the right side of the glass region of the drive 6 that were probably caused by loose
debris becoming third bodies entrapped between head and media. The scratches could
have been made in a layer of adhesive deposits or in the glass material. The first
hypothesis is supported by the fact that the marks have 14 nm in depth, which is usually
the height of the stain formed on ferrite during experiments at low humidity. By the

time the drive finished its 5000 cycles, the scars had disappeared.

At the end of its 5 000 cycles, drive 6 had the poles covered in what seemed to
be plastic flow of the binder or, more probably, features related to ferrite’s
crystallography (differential wear) whereas the poles of the drive 8 remained clear.
Similar features have been seen and investigated before and, as Chandler [111] pointed
out, they occur in a particular configuration of drive and tape. If the tape is changed, the
phenomenon might not occur. The height of these features was less than Snm. The
plastic flow is usually denoted by the orientation of the deposits perpendicular to the
tape motion direction. However, the deposits found here, having less than 5nm in height
are not all oriented in this way. Despite changing the scanning angle, the tilt of the tip or

modifying the laser beam position on the tip we were unable remove these features and

therefore proving that are not artefacts of the AFM microscope.
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Figure 4-43 Drive 6 after 0 (a), 100 (b), 1000 (c) and 5000 (d) passes at 5°C/80%RH
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Figure 4-44 Drive 8 after 0 (a), 100 (b), 1000 (c) and 5000 (d) passes at 5°C/80%RH

At high humidity (40°C/80%RH) no or very few deposits are present on the
ferrite poles on both drives tested. The poles remained clear throughout the
experiments. The scans of the ferrite poles revealed small deposits of 2-4nm in height,
very scattered along the poles. Although deposits seemed to accumulate on the glass
region, and the glass seems to become smoother, the heights of the deposits did not

increase.
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Figure 4-45 Drive 12 after 0 (a), 100 (b), 1000 (c) and 5000 (d) passes at
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Figure 4-46 Drive 12’s ferrite poles after 0 (a) and 5000 (b) cycles at 40°C/80%RH
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Figure 4-47 Drive 6 after 0 (a), 100 (b), 1000 (c) and 5000 (d) passes at 40°C/80%RH
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Figure 4-48 Drive 6’s ferrite poles after 0 (a) and 5000 (b) cycles at 40°C/80%RH

For the next condition (10°C/10%RH) the drive 6 the presence of small ridges
after the reconditioning process was observed. As the number of passes increased, the

stain started to accumulate, at the beginning near the edges, and by the end of 100
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cycles the stains pattern became evident. Wear tracks were visible on the glass region,
but more probably these tracks were on the stained layer covering the glass regions and
not on the glass itself. A very interesting feature is present by the end of the experiment.
The AFM scan of the top ferrite pole shows a series of depressions. It is believed that
these features cannot be pullouts, but there are rather regions were more than one layers
of stain has been removed. Measurements show that these depressions are up to 40 nm
deep, which leads to the conclusion that occasionally, the deposits grow up to 40 nm
thick. It is also worth noting the height of the glass and ferrite regions at the beginning
and at the end of the experiment. If at the beginning the glass was recessed by 25-35nm,
by the end of the experiments the recession was only 0-Snm. This fact does not mean
that the ferrite was heavily worn since the wear rate measured earlier for ferrites was
found being low, but rather that the glass region is now covered by a very thick layer of
stain. (see also section 4.4 regarding the AES investigation) Certainly, the phenomenon
occurred in all the environmental conditions studied but it was more evident at very low
humidities due to the large amounts of stain generated. This is further evidence that

stain can grow thicker than the usual 14nm.

Figure 4-49 Drive 6 after 0 (a), 100 (b), 1000 (c) and 5000 (d) passes at 10°C/10%RH



The ferrite study revealed the evolution of the stain thickness during the
experiment. Small ridges of 0.5-2nm in height were found at the beginning of the
experiments and, as the experiment progressed, their height increased to 14-20 nm at

1000 cycles and then to 35-40 nm.

45

a)

Figure 4-50 Drive 6’s ferrite poles after 0 (a) and 5000 (b) cycles at 10°C/10%RH

The topography evolution of the drive 12 was found to be similar to that of drive
6, however small differences were noticed. Firstly, after reconditioning the ferrite poles
seemed to be clear. Based on the previous experience it is believed that the poles are
covered by a very thin and continuous layer of stain (or polymeric binder). Wear tracks
were visible on the glass region. At 100 cycles, as a new layer of stains built up, the
roughness of the poles appear to increase. The process continued and after further 900
cycles, the new layer is completely formed and covered entirely the poles and even
bridged the gap. Ridges of 2-6nm along the tape motion were visible on the ferrite and
on the glass region the wear tracks disappeared, probably covered by a fresh layer of
stains. At the end of the experiment, the ferrite was continuously covered by a layer of
stain and the glass region has changed its topography. The height difference between

the poles and the glass region decreased to 3-5 nm.
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Figure 4-51 Drive 12 after 0 (a), 100 (b), 1000 (c) and 5000 (d) passes at
10°C/10%RH

Again, the ferrite study reveals patches of stain present even after reconditioning
process. At the end of the experiment, the ferrite was featuring a series of wear tracks
made in the layer of stain on top of the ferrite and not on the ferrite material itself. It is
interesting to compare this final image with the AFM scan obtained from on of the
ferrite sample on which chemical analysis was performed. (see Figure 4-52and also

Figure 4-91and Figure 4-92)
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Figure 4-52 Drive 12’s ferrite poles after 0 (a) and 5000 (b) cycles at 10°C/10%RH

Further investigations were carried out concerning the surface roughness. Three
regions were explored: the ferrite region, the left side glass and the right side glass
regions. Compared with the glass region, for all the drives investigated, the ferrite
region was by far the smoothest region of the head. As one can see from Figure 4-53, at
25°C/35%RH the surface roughness decreases as the number of passes increases. The
trend is due probably to the fact that at the beginning the adhesive deposits form mainly
patches and cover the dips present on the ferrite and glass surface and then the areal
coverage of the deposits increases until they form a continuous layer. The increase in
roughness for the drive 7 at 1000 cycles is believed to be caused by the crack appeared
at that moment in the glass structure. Even in this case, after 5000 passes, the surface

followed the previous drive’s trend and became smoother.
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Figure 4-53 Variation of the area roughness of the drives at 25°C/35%RH

At 45°C/15%RH, after the first 1000 cycles when the surface became smoother,
a new increase in roughness followed as one can see from figures below. The decrease
and then the increase of the roughness could be due to the fact that adhesive debris
tends to fill firstly the dips since in these regions there is no contact between tape and
head, hence no abrasive wear. Then, as the depressions filled in, the debris started to

spread away, and this phenomenon lead to an increase in head roughness.
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Figure 4-54 Area roughness of the drives 6 and 8 at 45°C/15%RH

At 5°C/80%RH the roughness of the head remained quite constant despite some

stain patches appearing toward the end of the experiment. Once again, the ferrite proved

to be the smoothest surface.
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Figure 4-55 Area roughness of the drives 6 and 8 at 5°C/80%RH
The measurements of the roughness of the ferrite poles and the glass region at

high humidity show that after an increase in the early stages of the experiment, an

equilibrium level was attained.
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Figure 4-56 Area roughness variation at 40C/80%RH for drive 6 and 12 respectively

The surface roughness graphs show that after an early increase caused by the
patchy pattern of the stains, the roughness of the heads remained almost constant. This
phenomenon is probably due to the fact that stains tend to cover firstly the depressions
where the friction forces are lower and then to develop to a continuous layer. After that,

new patches of stain appeared and growed into a new fresh layer on top of the early one.
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4.4 Auger analysis of the DDS-3 heads

Several heads were investigated: two heads that were reconditioned at
25°C/80%RH and three heads stained at 40°C/10%RH. On these heads, the left and right
hand side glass regions were scanned as well as the ferrite poles. There is no difference

in chemical composition between the two glass regions, the scans were used to compare

126



the reproducibility of the results

below.

obtained. The spectra acquired are shown in figures
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Figure 4-58 AES spectra of the glass regions of the head | (reconditioned)

Figure 4-58 shows the Auger spectra of the glass region of the head number 1

after reconditioning at 25°C/80%RH. As one can see, the spectra showed the presence

of carbon and oxygen. The carbon is a very common contaminant in all Auger spectra.

The oxygen peak is due to the glass composition (mainly SiO3). Other elements such as

silicon that are usually part of the glass’ chemical composition did not appear probably

due to the lower sensitivity of the method with respect to this element. The carbon peak

was higher in the second spectrum since contamination was taking place even during

the analysis despite etching the heads at the beginning of the experiment. In order to
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have an idea of the rate of the contamination even under high vacuum conditions, it is

worth probably saying that both spectra were acquired in less than 15 minutes.
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Figure 4-39 AES spectrum of the ferrite region of the head 1(reconditioned)

On the ferrite poles of the head number 1 the spectrum showed the presence of

iron in addition to carbon and oxygen. The three peaks near the oxygen peak and

towards higher kinetic energies are a very distinctive marker of iron presence. The iron

signal was attributed to the iron from the ferrite of the magnetic poles of the head.
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Figure 4-60 AES spectra of the glass regions of the head 3 (reconditioned)

The spectra taken on the glass region of the head number 3 were similar to those
of the head number 1. The scan taken right after etching on the left hand side of the
glass showed no carbon contamination. Definitely, the etching process had the same
effectiveness on the right hand of the glass, but the spectra here was acquired a couple
of minutes later. These scans proved once again how fast the surfaces get contaminated

even under high vacuum conditions.
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Figure 4-61 Ferrite region of the reconditioned head 3
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The ferrite poles (Figure 4-61) showed again iron, oxygen and low amounts of

carbon contamination.

The next three heads analysed were stained at high temperature and low
humidity (40°C/10%RH). The spectra below show the analysis of the glass and the
ferrite regions. The AFM scans performed earlier showed that at high temperatures and
low humidity stains were building up on the ferrite poles but also on the glass region as
well. (see Figure 4-41, Figure 4-42). The AES spectra taken on the glass region of the
stained heads clearly showed the presence of iron in addition to carbon and oxygen seen
before. The amount of iron present on the glass region varied but one has to bear in
mind that stains have a patchy feature so some regions of the glass might have been

stain free.
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Figure 4-62 AES spectra of the glass regions of stained head 7



The spectra of the ferrite region of the stained heads did not show any other

changes despite the efforts of finding other relevant elements such as chlorine.
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Figure 4-63 AES spectrum of the ferrite region of stained head 7
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Figure 4-64 AES spectra of the glass region of the stained head 2
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As a conclusion, taking into account that AFM imaging revealed topography

changes in this area during experiments, and given the spectra acquired on the glass

region, it was reasonable to believe that iron is a component of the stains. Despite

several other attempts, no other elements have been identified on the heads most

probably due probably to the low sensitivity of the AES method.



4.5 XPS analysis of the tape

XPS has been performed on DDS2 tapes in order to identify the elements present
in the tape formulation and to compare these results with those obtained by analysing
the magnetic heads. The pictures below represent raw data extracted from an acquired
spectrum of a DDS2 virgin tape. As one can see, the spectrum indicates the presence of
C, O, N, Fe, Cl, Al and Si. The carbon and oxygen peaks are related to a multitude of
compounds in tape formulation and by further analysing the carbon peak, more
information about the binder and lubricant present in magnetic pigment can be found.
The nitrogen and chlorine peaks are attributed to the binder polymers. The presence of
magnetic acicular particles is denoted by the iron peak and finally aluminium and
silicon are part of the head cleaning agents present in the magnetic coating. A

quantification table of these elements is given in Table 4-5:

Element Atomic Percentage
Carbon 54.2%
Oxygen 30.6%
Nitrogen 0.9%
Iron 4.0%
Chlorine 4.7%
Aluminium 4.0%
Silicon 2.5%

Table 4-5 XPS quantification table of the tape elements

It is interesting to remark, looking and the height of the peaks compared with
noise level that the amount of nitrogen is not very high whereas the chlorine peak is
very well defined. The quantification table also confirms lower amounts of nitrogen
compared with the chlorine. The iron peak is generated by the acicular magnetic
particles within the magnetic pigment and the aluminium and silicon peaks are believed

to be due to head-cleaning agent, which is probably a mixture of Al,O3 and SiO;.
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4.6 SIMS analysis

4.6.1 The tape

SIMS experiments have been also performed on the heads and for comparison, on
pseudo virgin tapes.

For the beginning, spectra of the DDS2 tape together with a zoom on the region
towards higher masses is presented. The zoomed area clearly shows, apart from iron
presence at 56 and 57amu, the characteristic pattern of organic compounds around
64amu and then around 80amu, 90amu, 100amu corresponding to increased number of
carbon atoms within the chain and hydrogen atoms. The pattern is generated by the

presence of binder and lubricant within the magnetic coating.
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Figure 4-69 SIMS positive spectrum of the tape
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On the other hand, the negative spectrum of the tape revealed the presence

chlorine a good indicator of the binder presence.
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Figure 4-70 The negative spectrum of the tape

4.6.2 The stained heads

SIMS analysis of the stained head in the glass region has given an indication of
the presence of binder. Since PVC (polyviny! chloride) copolymer is very often used in
binder formulation, the chlorine is usually a good marker of it. In addition, other organic
fragments, in particular those involving CN (cyano) group were discovered. These
fragments may indicate the presence of isocyanate, another substance used during the
fabrication of the binder for DDS2 tapes. The spectrum did reveal low amounts of iron
but signal generated by it level is very low compared with the signal generated by the

silicon or gallium.

The results gave good evidence that adhesive debris consists also in polymeric
binder.
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Figure 4-78 SIMS positive spectrum of the head 4

4.7 Experiments with the ferrite samples

4.7.1 Ferrite behaviour at high humidity

In order to assess the changes that occurred in the ferrite’s chemical state after
exposure to high humidities, the oxygen peak quantification has been used. The graphs
below represent the changes, which occurred in oxygen's peak shape. The synthesis was
made using three peaks corresponding to the oxygen bonded to the metal (M-O) at
529.5eV, the oxygen forming the iron oxyhydroxide at 531.0 eV and to the oxygen in

water at 532.4eV. Under moderate humidity, the amount of iron oxyhydroxide and
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physically bonded water was found similar to the sample kept for comparison. The
shape of the oxygen peak towards higher binding energies remained the same.
However, a dramatic change occurred when the ferrite was exposed to 100%RH due to
the physically and chemically adsorbed water as one can see from Figure 4-81. The
hump increased in intensity having similar intensity to the main oxygen peak. Taking
into account that the relative intensity of the signal coming from the physico-chemical
adsorbed water compared with the height of the O 1s peak is increasing at higher
take-off angles (Figure 4-82), the conclusion is that the signal is coming from the

surface of the ferrite and not from the bulk material.

147



340 -

320 —

3001

280+

260~

CPS

25C/35%RH
240

220
200

180—

160—\\

140 -l~
| ! %

534 532 530 528 526
Binding Energy (eV)

Figure 4-79 The Ols peak of the ferrite under 25°C/35%RH and 0° TOA
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Figure 4-83 The Ols peak after exposing the ferrite to high vacuum

Further series of experiments were designed to see whether the water present at
the surface of the ferrite was bonded chemically or physically to the ferrite. Thus, the

sample subjected to 98°C/100%RH was left under high vacuum conditions for 12 hours.




Since no change has been observed neither in pressure nor in the shape of the oxygen
peak, it was assumed that water has already formed strong bonds with the ferrite
surface. Finally, the ferrite was baked at 120°C for about two days and then again
subjected to XPS analysis. This temperature was chosen since it is above water’s
boiling point but below the decomposing temperature of the iron oxyhydroxide. As one
can see from the spectra below after the baking process, although the hump of the
oxygen peak decreased, it still remained significantly more pronounced compared with
that at the beginning of the experiments (see Figure 4-84 and Figure 4-79). Moreover,
analysing the sample at higher take-off angles one can see that the newly formed
substances are on the surface of the ferrite (Figure 4-84 and Figure 4-85). If water
present at the surface had been simply physically bonded, it would have disappeared
after prolonged exposure at high vacuum and after baking. Despite a change in the
shape of the oxygen peak, the hump corresponding to the oxygen present in water was
still present. Given these circumstances, we believe that due to exposure at high
humidity the ferrite samples developed a very thin layer of iron oxyhydroxide
(FeOOH), a compound, chemically stable up to 135°C. Above this temperature, it

decomposes in iron oxide and water.
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Figure 4-84 XPS scan of the O 1s region at 0° TOA of the baked ferrite sample
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Figure 4-85 XPS scan of the O 1s region at 60° TOA of the baked ferrite sample

The graphs below represent a synthesis of the scans performed on the samples and
they show the relative concentration of oxygen at the end of each experiment. It is
obvious that after exposure at high humidity, the relative amount of oxygen bonded
with hydrogen contained in water or hydroxyl groups increased. Even after baking,
when the physically adsorbed water had been practically removed, the concentration of

oxygen bonded with iron remained lower than that at 25°C/35%RH which shows that




the remained oxygen is part of chemically bonded water to ferrite as iron oxyhydroxide.
The fact that at 60 degrees take off angle the concentration of oxygen bonded with the
iron after baking is even lower than that at 0 degrees take off angle emphasises the
supposition that the chemically bonded water and the iron oxyhydroxide forms a very

thin layer on top of the ferrite surface.
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Figure 4-86 The relative concentration of oxygen in O 1s peak after different experiments at 0 and
60 degrees take-off angle
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4.7.2 Ferrite behaviour at low humidity and high temperature (stain

simulation)

AFM scans of the ferrite were taken before and after each experiment. An AFM
scan of the ferrite surface as received from the manufacturer is shown in Figure 4-88.

This shows small ridges of about 2-3 nm in height, randomly oriented, due to the




polishing process. After the experiments AFM scans show a heavily stained surface
produced by the slow moving tape (Figure 4-91), and patchy stains on the ferrite on
which the tape ran at high speed (Figure 4-90). The stains generated by the slow moving
tape on the ferrite form a very thick, continuous layer. This is probably because in this
case, the tape ran about 2 days, compared with only half a day for the tape at high
speed. The results earlier in this research concerning the DDS-3 heads (Figure 4-52)
confirm that these features are wear tracks on a continuous layer of stain and not simply
wear tracks on the ferrite. The surface of the ferrite shows wear tracks in the direction of
tape motion, generated by the asperities on the tape. Topography measurements
revealed that the thickness of the stains generated in both experiments is 14-25 nm,
similar to those measured on DDS-3 heads. The AFM scan of the ferrite region of a

DDS-3 read head after using DDS2 tapes at 45°C/10%RH reveals similar patchy stains

of 14-20 nm peak-to-valley.

0 25 50 un
Distance Height
1 1.20 ym 3.17 nm
2 1.09 um 3.65 nm
3 0.435 pm 2.59 nm

Figure 4-88 Févarivtevregion; normal aspect (unstained) (note the heights)
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Flgm‘é 4-89 Ferrite surface, sample 1, after experiment, tape was running at high speed
(50x50um AFM scan)
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Figure 4-90 Zoom on the ferrite surface, sample 1, after experiment (10x10um AFM
scan)
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Figure 4-91 Sample 2’s stained region at low tape speed
2
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Distance Height
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2 0.978 ym 35.61 nm
3 1.20 pm 3.19 nm

Figure 4-92 Boundary region between stained (left) and clear (right) ferrite areas,
sample 2

Chemical analysis of these surfaces using XPS was performed on the virgin sample.

On the unstained surface, the results reveal carbon, iron, oxygen and small amounts of

Mn and Zn (Figure 4-93). No other elements were seen. However, after staining the
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spectra revealed on both samples in addition to the previous elements, chlorine, nitrogen
and sodium (Figure 4-94 and Figure 4-95). The amount of the chlorine, nitrogen and
sodium varies from sample to sample being higher on the sample where the speed of the
tape was lower. This corresponds to the AFM scans that show less stain produced when

tape was running at high speeds.
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Figure 4-93 XPS spectrum of a virgin ferrite surface showing C 1s, Fe2p3, Cl 2p, N Is
and Na Is regions

The following are the XPS spectra of the stained ferrite surface under high and

low tape speed.
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Figure 4-94 XPS spectrum of stained ferrites showing C 1s, Fe2p3, Cl 2p, N Is and Na
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Figure 4-95 XPS spectrum of stained ferrites showing C 1s, Fe2p3, Cl 2p, N Is and Na
Is regions (low tape speed)
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Figure 4-96 XPS spectrum of stained ferrites showing C Is, Fe2p3, Cl 2p, N Is and Na
Is regions (low tape speed, sample 2)
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Figure 4-97 XPS spectrum of stained ferrites showing C Is, Fe2p3, Cl 2p, N Is and Na
Is regions (low tape speed, sample 3)

Although the presence of chlorine in the spectra can be disputed and can be
attributed to NaCl contamination as also can sodium, the presence of nitrogen can be
only attributed to the presence of the polymer binder in the stain formulation. However,
some tape manufacturers are using sodium salts in the magnetic layer formulation and
more precisely in the binder formulation to improve characteristics. Interestingly, the N
I's peak is at 400.1eV, binding energy corresponding to nitrogen bonds in organic

compounds.
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The quantification table show the following amounts of elements on the surface of

the ferrite samples:

element Binding energy (eV) Atomic concentration (%)
Cls 284.6 64.7
O 1s 530.0 22.0
Fe 2p3 711.0 5.1
Mn 2p3 641.0 0.7
Zn 2p3 1021.6 0.3
N 1s 399.9 0.9
Cl2p3 199.0 0.7
Na 1s 1071.8 5.5

The concentration of chlorine and sodium being different, it is assumed that the
presence of chlorine is due to binder presence on the ferrite surface rather than NaCl

contamination.

4.7.3 SIMS analysis of the stained ferrite

SIMS spectra have also confirmed the presence of large amounts of chlorine and
organic compounds as one can see from the next figures. In the negative range of the
spectrum, the interesting peaks were situated at 35 and 37 amu (atomic mass units)
corresponding to the two most abundant isotopes of chlorine and at 26 and 61 amu

corresponding to CN, CNCI and NH groups, a good evidence of binder presence.

On the other hand, the positive spectrum shows apart from iron peaks large amounts
of organic material. Lithium and manganese signals are coming from the ferrite
material. The iron peaks are generated both by the ferrite surface and by the acicular

magnetic particles that were present in the stain composition.

Together, both spectra have given evidence of binder present on the surface of
ferrite samples. The spectra acquired have a similar pattern with the spectra taken of the

DDS-2 tapes. (see also Figure 4-69 and Figure 4-70)




Positive and negative spectra of the ferrite surfaces are given below:
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Figure 4-98 Positive spectrum of the stained ferrite surface (sample 1)
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Figure 4-99 SIMS negative spectrum of the stained ferrite surface (sample 1)
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The spectra of the ferrite sample 3 showed even larger amounts of organic materials

as one can see from figures below.
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Figure 4-100 The SIMS positive spectrum of the surface of the ferrite sample 3
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Figure 4-101 The SIMS negative spectrum of the surface of the ferrite sample 3

4.8 Contact angle measurements

Experiments aimed to measure the surface energy variation of both DDS2 tapes
and ferrite upon different environmental conditions were made. The pictures below
have been taken during contact angle measurements for ferrite using water and

ditodomethane.

picatwa de spa . -
picatwa de di-iodo-tnetan

Figure 4-102 Contact angle differences between distilled water (left) and

diiodomethane (right) for ferrite surface

Unfortunately, due to device limitations we were unable to perform a full
investigation of surface energy behaviour under different environmental conditions.
Figure 4-103 shows a preliminary result obtained during these experiments revealing a

decrease in contact angle and respectively an increase in surface energy after exposing
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the ferrite to 98°C/100%RH. In the same time, the tape did not show a noticeable
variation of its surface energy (Figure 4-105). The results are encouraging but further

studies are needed in order to draw a conclusion.
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Figure 4-103 Preliminary result of contact angle variation of the ferrite
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Figure 4-105 Preliminary result of contact angle variation of the DDS?2 tape
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4.9 Study of the DDS4 heads wear rate at the same water

pressure

The aim of this section of the research was to determine whether the relative
humidity or the amount of water is the critical parameter that influences the wear rate of
the heads. The environmental conditions were set in a such way so the amount of water
contained in the environmental chamber was the same: 10°C/63%RH, 24°C/25%RH and

41°C/12%RH.

Studying the wear rate of the DDS 4 drives has proven to be difficult. The use of
different type of heads compared with the DDS3 drives used before and the DDS4 tapes
compared with DDS2 used before, has dramatically reduced the wear rate. Despite the
fact that the number of cycles during each experiment has been doubled, the wear rate
has proven to be difficult to estimate. Therefore, it is believed that these experiments
have to be regarded with the necessary caution and that further experiments are needed.
As a general remark, in all cases investigated the wear rate seems to be smaller

compared with the rate measured previously on DDS3 drives (see paragraph 4.2).

In this study, the error rate was much smaller so the error in estimating the wear

rate is much higher. The calculated value was found to be about +20%.
The wear rate at 10°C/63%RH was found to be very small on both types of heads

investigated. The bulk ferrite heads used for writing and sandwich heads used for

reading display an overall wear rate that fluctuate around zero.
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Figure 4-107 Wear of the drive 1 positive read head after 2000 cycles
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Figure 4-108 Wear of the drive | positive write head after 2000 cycles
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Figure 4-109 Wear of the drive 2 positive read head after 2000 cycles
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Figure 4-110 Wear of the drive 3 positive write head after 2000 cycles




On the next environmental condition (24°C/25%RH), the wear was found to be
greater, on both types of heads. The trailing edge of the heads seems to wear more

compared with the leading edge, similar to what was found for DDS-3 heads.
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Figure 4-111 Wear of the drive | positive read head after 2000 cycles
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Figure 4-112 Wear of the drive 1 positive write head after 2000 cycles
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Figure 4-113 Wear of the drive 3 negative read head after 2000 cycles
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Figure 4-114 Wear of the drive 3 positive write head after 2000 cycles




In the last condition tested (41°C/12%RH), the wear rate was the highest and
comparable with the rate of the DDS3 drives. The wear seems to be higher on the

trailing edge of the head, except on the drive 3’s positive write head.
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Figure 4-115 Wear of the drive 1 positive read head after 2000 cycles
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Figure 4-116 Wear of the drive 1 positive write head after 2000 cycles
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Figure 4-117 Wear of the drive 2 positive read head after 2000 cycles
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Figure 4-118 Wear of the drive 3 positive write head after 2000 cycles

Based on the preliminary results obtained, no influence on the total amount of
water present in the atmosphere was found, and most probably, the wear rate is

determined by the relative humidity.
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5 A proposed model of stain formation

5.1 Theoretical background of the model

The theory of dispersion and dipole-dipole interaction may describe well several
adhesion phenomena such as wetting, adsorption, interdiffusion in the case of
interaction of low surface energy liquids or solids. However, in the case of
high-energy substrates such as those composed of metals, metal oxides, or silicates
and the polymer adhesive, another model - ionic and covalent bonding - describes
better the interactions. The vast majority of these models assume that a hydrated oxide
surface is covered by a multimolecular layer of physically adsorbed water. These
surfaces are hydrophilic and the thickness of adsorbed water depends on temperature
and the partial pressure of water in the atmosphere [144]. Most metal surfaces with
the exception of Au and fresh surface of Hg show thick layers of oxides of 40 to 80A
at ambient conditions rather than the metal lattice. Although the oxide layer may be
dehydrated and dehydrogenated by radical treatments involving high temperature,
high vacuum, and ion bombardment, at ambient conditions the oxide layer is hydrated
to present a high density of hydroxyl groups. The hydroxylated oxide layer readily
adsorbs and strongly retains a multimolecular layer of physically adsorbed water.
Common metals, metal oxides or silicates surfaces all display these general surface
properties. However, the type of interaction of these surfaces with the polymeric

adhesives varies greatly upon the surfaces involved. [144]

On the other hand, polyurethane polymer are susceptible of degradation when
exposed to elevated temperatures or high humidities. The reaction by-products can
further interact with the ferrite surface and with acicular particles. These phenomena

lead to different behaviour of polyurethanes regarding their adherent properties.
5.1.1 Ferrite surface of the magnetic head

As with all iron and iron oxides, ferrites tend to develop a thin layer of iron

oxihydroxide (FeOOH) on their surface when the surface is exposed to moisture. In




moist air as well as in water with traces of air, iron is rapidly oxidised to give a
hydrous oxide, which gives no protection since it flakes off, exposing fresh surfaces.
The process of hydrolysis occurs no matter whether the surface exposed is made of
iron or its oxides [95]. Similar corrosion phenomena were seen by others [46, 45, 44]

but when investigating the acicular magnetic particles exposed to atmosphere.

Under normal conditions, the iron oxihydroxide is amorphous, resistant to
prolonged exposure to vacuum and decomposes at 136°C [42, 43, 44, 45]. Studies
made using XPS and infrared techniques showed that the thickness of oxihydroxide
layer increases in time at constant humidity due probably to its porous characteristic
and with the increase in humidity [46]. This oxihydroxide or other hydrated by-
products that result during a tribochemical reaction may also act as a solid lubricant,

reducing friction coefficient between head and tape [47, 48].

Since the iron oxihydroxide is a soft material [95], it can be easily removed by

the tape during the normal operation of the DDS drive.

Although no other studies of the occurrence of oxihydroxide on ferrite have
been made, it is safe to assume that it ferrite will undergo a similar corrosion process

since the ferrite is composed mainly from Fe;O;.

5.1.2 Adhesion in the case of binder polymer and iron oxides

The interactions between binder polymer and acicular magnetic particles are
complex and are dominated by physical and chemical interactions. The binder is
mainly an adhesive, its role being to maintain cohesion between the magnetic
particles and the substrate. The theory of adhesion suggests that adhesive must be
attracted to the adherent by forces like hydrogen bond, van der Waals (dipole moment

interaction), although primary chemical bonds may be formed and are desirable [16,

The polyurethane polymers used in tape binder contain atoms and functional

groups that may act as electron donors (N, O) and others acting as hydrogen (proton)




donors (NH groups of urethane and urea). In addition, these polymers contain groups
having strong dipole moments such as carbonyl groups. As a result, this class of
polymers makes a good candidate to bond to a large class of polar adherent materials
such as metal, glass, plastics, wood and leather [72]. However the presence of these
functional groups is not sufficient and another condition must be fulfilled in order to
obtain a good adhesive: the geometric relationship between adhesive and adherent.
For example, if the active sites, the potential points of interactions on the solid surface
are 10A apart while the active centres in the polymer are 14A, only a very small
percentage of potential interaction will take place. [72]. This condition is even more
important when the adhesive touches only the asperities of the surface rather than
having a complete contact with the surface. This is why, in order to obtain good
adherent properties between the binder and acicular magnetic particles on one hand
and between binder and substrate on the other, the tape manufacturers use various
methods to increase the real area of contact and to increase the number of active sites.
Such methods were mentioned before and include [16, 52, 98, 99, 100, 101, 102]:
= for tape substrate: corona discharges or plasma treatments to increase
real surface area and generate unsaturated bonds;
= [n the case of iron acicular particles, surface treatment with aluminium,
silicon and phosphorus to increase the number of active sites since these

elements behave as electron donors;

The interaction between the binder and the metal particles can be through
hydrogen bonding if both polymer and the iron particles have acid sites but in modern
tapes, it is an acid-base interaction since the chemical bonds are much stronger thus
improving interparticle adhesion and minimising particle shedding [64, 65]. It has
been proven that the surface of the passivated iron particles behaves as a base mainly
due to the iron oxihydroxide (FeOOH) sites on its surface. In this case, the binder
reacts with oxihydroxide on the surface, cleans the surface, and bonds to the surface
by primary or secondary valence forces by means of ureas linkages. [66, 72]
Additionally, the coupling between the basic sites of the metal particles and acid
groups of the binder such as phosphoric acid groups or alcohol groups leads to strong

hydrogen bonding between the hydroxyl groups of polymers and particles [59, 67].
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The polar groups introduced within polyurethane binder to react as “anchors”
(wetting agents) for iron acicular particles are usually -COOM, -SO3;M, -OSO;M, -
P=0(OM),, -O-P=(OM), where M could be a hydrogen atom or an alkaline metal salt
or group [52]. The phosphates groups reacts better with the active sites of the metal
particles or ferrite, however the amount of the functional groups must be optimised
since a higher level of functional groups tends to deteriorate the hydrolytic stability of
the polymer. [68] On the other hand, the binders containing aromatic isocyanates
groups with hydroxy!l groups are found to be more reactive than those containing

aliphatic isocyanates. [69]

Additionally, the interaction between binder and the substrate is through active
sites such as unsaturated bonds or hydrogen bonds, artificially created using various

surface treatments methods such as plasma or corona discharges.

5.1.3 Binder stability

One of the main issues of the binder and in the same time with the magnetic
tape is the ability of the binder to retain adherent properties when the tape is subjected
to various conditions. In particular, it is important that the binder should remain stable
and retain its adherent properties at environmental conditions occurring during normal
operation of the magnetic tape. Such environmental working conditions include
humidity up to 80%RH and temperatures up to 50°C [140]. In fact, the binder must
stand even harsher conditions since it is known that flash temperatures may reach up
400°C at contact points between the tape and the magnetic head [10, 51, 88]. From
this point of view, the polyurethane based polymers are not the best choice since they
can be unstable and degrade. A higher chemical stability can be achieved by
increasing the degree of cross-linking between polymer chains but this leads to higher
hardness and reduced elasticity of the polymer binder. Increased van der Waals
attractive forces results as well in higher hardness, and modulus and a marked
increase in permanent elongation as well. [72] However, in the context of the tape
binder, a high modulus and high hardness may not desirable, and an optimum must be

achieved. Hence, for the magnetic media industry a trade-off solution must be reached




allowing the binder to maintain good mechanical and adherent properties while in the

same time chemical stability remains satisfactory.

The chemical alteration of the binder is considered the primary source for the
tape breakdown [75]. Degradation of the polymer binder may affect the corrosion of

the metal particles, worsening their magnetic properties. [71]

As mentioned before, the main components in the binder systems are
polyurethanes and vinyl copolymers. It is agreed that PVC environmental degradation
is mainly due to photochemical degradation caused by ultraviolet exposure. The
estimated degradation energy is at 75kcal/mol [134]. The stability is greatly enhanced
by the lack of branches in the polymer chain structure. On the other hand,
polyurethanes being branched polymers are much more prone to interact chemically

with other reagents such as water or iron.

It is obvious that these polymers can undergo the same chemical reactions as
their monomers, isocyanates. Chemically speaking, an isocyanate is a compound
which has in its composition at least one urethane functional group (NCO). The
chemistry of the urethanes is complicated but some reactions are emphasised here in

particular those with water and those triggered by elevated temperature.

5.1.3.1 Thermal stability of the binder polymer

The thermal stability of isocyanates varies greatly with their structure but it has
been pointed out that the most resistant urethanes decompose at 150-200°C whereas
some of them decompose as low as 50°C. A polyurethane thermal decomposition
reaction would cause rupture of the polymer chains or even de-polymerisation [76].

The most important reaction channels of decomposition are given below:

1. dissociation to isocyanate and alcohol:
RNHCOOR’ «» RNCO + R’OH
2. formation of primary amine and olefin:

RNHCOOCH,CHR’* — RNH; + CO; + R’"CH=CH,




and

3. formation of secondary amine:

RNHCOOR* — RNHR’ + CO,H

4. above 100°C the urea and less rapidly urethane groups may react with

isocyanate groups to give biuret and allophanate branch points respectively:

~NHCONH~ + ~NCO — ~NCONH~

CONH~
Biuret

~NHCOO~ + ~NCO — ~NCOO~

CONH~
Allophalate branch

The end reaction products have more unsaturated chemical links, and as a

result, these resulting by-products have higher adherent properties than the reagents.

A comprehensive study on the degradation channels focused specifically on
binder polymers used in tapes upon different environmental conditions was made by
Edge and co-workers [63]. If the humidity is low (below 25-30%RH), the thermal
degradation is more likely to occur. The polymer chain is splitting off with formation
of an amine, carbon mono and dioxide, dissociation into its alcohol and starting
components (see above). These molecular components resulted through thermal
degradation may react with each other as in eq 4 to give products with yet more
unsaturated bonds and hence increased adherent properties. The reactions readily
occur above 100°C [72] and such temperatures can be easily surpassed at contact
points between tape and head asperities. [10, 47, 51, 57] Direct evidence of chains
scission in polyurethane-based polymers as a direct result of the increased
temperature was obtained by exposure of unprotected polymer samples in an oxygen
bomb at 300 psi (about 20.5 atm) at 80°C for 96 hours. The exposure halved the
tensile strength of the polyurethane but did not cause insolubilisation or
embrittlement. Furthermore, lose of all mechanical properties was discovered when

polymer was exposed to 200°C [72]. Additionally, chemical changes were observed
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within the polymer samples by using infrared and ultra-violet spectroscopy. The
spectra indicate loss of aromatic structure, urethane group, a loss of C-H structures
and indication of formation of a greater variety of “ether” oxygen groups and
carbonyl groups. [72] This clearly indicates that in the case of tape binder,
degradation occurs during the normal operation of the tape due to heat developed at

the head-tape interface.

Below are given representative pathways of the thermal degradation of yet

another type of binder polyurethane [63]:

o0x
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Figure 5-1 Thermal degradation of methylene diphenyl based polyurethane [63]

Apart from chemical interactions between functional groups of the same
polymeric chain, hydrogen bonds and van der Waals attractive forces act between
polymeric chains. These forces are weaker in their nature than most of the chemical
forces hence migration of polymeric chains from the tape to the head is likely to

occur.

The influence of the thermal degradation phenomenon of the binder due to
chain scission on the magnetic tapes was also investigated among others [63, 66, 75,
76, 126] by Navale who measured that the life expectancy of the tape decreased by

three orders of magnitude when the temperature was increased from 20°C to only

40°C. [138]




A quantitative measurement of the degradation through thermal decomposition
is given by the reaction constant. The reaction constant measures the variation of the
concentration in time of reactants when a certain chemical reaction takes place. In
other words, the reaction constant measures the speed at which a certain chemical
reaction is occurring. The reaction constant also obeys to the Arhennius law [72],
which indicates that the speed of a chemical reaction increases as the temperature

Increases:

K =A-exp(-E/R-T) Equation 5-1

Where K — reaction constant

A — pre-exponential factor

E. — activation energy (minimum energy required to produce a chemical reaction)
R- universal constant of gases

T — temperature in Kelvin;

Measurements showed that typical values for polyurethane thermal degradation

are [141, 143]:

E, (kJ/mol) 110~ 191 kJ/mol

A (min™) 2.2:10°-9.7-10" min"

Towards elevated temperatures, the reaction constant increases dramatically,
which indicates an accelerated process of thermal degradation. A discussion upon

different aspects related to this increase is made in the section 6.4.

5.1.1.1 Hydrolytic stability of the binder polymer

A second aspect in the binder stability under environmental conditions is its
reactivity with water. It has been shown that water including water from atmospheric
moisture plays an important role in the degradation of the main component of the tape
binder, the polyurethanes. Cold water does not affect the polymer but prolonged
exposure to hot water or steam will affect polyurethanes. Given the fact that flash
temperatures between head and tape temperatures can reach up to 400°C [10, 47, 51],

it is reasonably to believe that water vapour from atmosphere heated at the head tape
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contact points interacts with the binder. Harrington found that boiling polymer for
1000 hours resulted in a loss of 27-100% in the hardness of a variety of polyurethane
types, which suggests chemical degradation in particular through hydrolysis. He also
indicated that polyether-based elastomers were more resistant to hydrolysis than
polyester-based polyurethanes. [72, 135] The degradation process can be represented

by the following equation:

RNCO + H,O - RNHCONHR + CO;
isocyanate Urea

According to Naegeli et al, the reaction with water follows different routes that

will finally lead to the formation of urea:

- (RNHCO),0 ~ o,
RNCO H\

RNCO+H,O—RNHCOOH 4 RNHCONHR
i A

2 RNH,

T
RNHCOOH

[RNHCO, ] [RNH;]"

Figure 5-2 Reaction channels between isocyanate and water [21, 72, 73, 74]

In addition, the reaction could be catalysed by tertiary amines many bases and,
most important, by some metals or organic compounds of them. The list includes in a
roughly descending order of catalytic activity: Bi, Pb, Sn, Fe, Cd, Co, Al, Zn, Ni and
Cu. [72. 75] More specifically, it was found that Mn, Co and Fe favour thermal
degradation of the polyurethane whereas Cr and Cu enhance the thermal stability. In
general, it was found that the thermal degradation increases as the amount of the

metal ions increases. [136].

Edge and co-workers [63] have been measured that at high humidity, the

binder undertakes hydrolysis at polyester compounds according to the reaction below
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(Figure 5-3) and any acid produced on hydrolysis of such groups catalyses additional
hydrolysis, thus conferring an autocatalytic nature to the degradation reaction.

©
! I I
M O—C—NH—R—NH—C—OmPmmO—C—NH—Rm

W
|

I I I
A O—C—N H——I;mN H—C—0O»COOH + HOCH,»»O—C—N H——};w

O
I I

+ HO—CmwPwC—OH
Figure 5-3 Hydrolysis of the tape binder polymer [63]

An increase in chemical stability can be achieved by increasing the number of
crosslink sites — by increasing of the so-called degree of cross-linking - between the
co-polymers but as said before, the method increases in the same time the hardness
and reduces the flexibility of the binder, which is not desirable for use as the magnetic
coating. Another method is to use inhibitors that can reduce the rate of binder
degradation by trapping and neutralising the reaction products, especially those

having an autocatalytic effect.

Several functional groups present in the formulation of the magnetic binder
such as biuret, allophanate, urea and urethane groups have bonds that may break as a
result of stress. The energy required to break these bonds is situated between 20 and

50 kcal/mol.

Studies on metal particulate tapes under normal ageing conditions, have
shown that the reaction constant of hydrolysis for polyurethane, which describes the
concentration variation of binder in time when exposed to moisture, is
K=9-10""min"'[142] at 30°C/90%RH. A slightly different result, K=3.5-10"?min",
was measured indirectly, through an accelerated aging method, by Yamamoto and

Watanabe [143]. At 30°C/60%RH the reaction constant is decreasing to 2.9-10"%" . In
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addition, the effect of the temperature on the speed of hydrolytic degradation must be
also taken into account given the fact the hydrolytic degradation obeys to Arhennius

law as well.

In conclusion, the end result of the hydrolysis effect is the passivation of the
chemical “anchors” of the binder used for retaining acicular particles, hence the

acicular magnetic particles are becoming loose.

Given the fact that both hydrolysis and thermal degradation may take place in
the same time at a given environmental condition, it is crucial to know which type of
reaction is dominant in order to explain the behaviour of stains on magnetic heads. In

the proposed model, calculations are made to establish the dominant phenomenon.

5.2 A proposed mechanism of stain formation

Based on the experimental findings and on theoretical information available, a
model of mechanisms involved stain formation, evolution and destruction is being

proposed for the particular case of MP tapes and DDS-3 heads.

According to this mechanism, stain developments on magnetic heads is in a very
close relationship with the chemical and mechanical properties and stability of the
binder used in tape formulation. The appearance of the stain is also influenced by the
head material and by the environmental conditions. Stain does not consist only in
metal particles as stated in some previous studies [86] but also in small amounts of
binder as the XPS results show (fig 87). The stain structure can be imagined as a
brick-and-mortar structure, in which the bricks are the iron particles and the mortar is
constituted by the polymer binder. The chemical stability of the binder under different
environmental conditions, in particular under high humidity and high temperature
dictates whether the stain will form or not, whether it will grow or disappear on the

magnetic head.




5.2.1 High humidity

It is well known [63] that the binder polymer is prone to mechanical and
chemical degradation. Despite industry’s efforts and the use of retardants or stoppers,
the process of polymer degradation cannot be entirely stopped, and yet newer polymer
binders having better properties are found to be too expensive to be released to the
market. It must be noted that big tape manufacturers such as Sony, Maxell or Fuji are
using similar mixtures of polymers as tape binders [16, 52, 98, 100, 101, 113].
Polymer chain scission may be triggered by high temperatures but also by mechanical
stress. Hydrolysis may occur after exposure to high humidities. Some of the reaction
products and some transitional metals and their oxides like iron and its oxides [63,
116, 126, 136] may behave as catalysts and may further increase the speed of
reactions. In all these cases, the result is a loss of the binder’s ability to retain acicular
iron particles to the substrate. If they do not affect the strength of the bonds between
iron particles and polymer, they may affect the integrity of the binder polymer itself.

The phenomena have been studied intensively by others. [75]

The degradation channels of the tape binder are different upon the humidity
and temperature as shown by Edge et al [63], Naegeli et al, and Moroi et al [136].
Hydrolytic reactions are considered as the dominant mode of binder breakdown
towards higher humidity and moderate temperature. The ester linkages of the binder
are most susceptible of hydrolytic attack from moisture (see also fig. 6-2, 6-3).
Although the rate of hydrolytic degradation is relatively low at room temperature, it
increases dramatically when hot water or steam is in contact with the binder
polyurethane. The reaction by-product, urea, is in turn soluble in water [43], hence it
has very low adhesivity to the surfaces. The degradation through hydrolysis is
significant at 100°C as shown by Harrington [27] and temperatures of this order of
magnitude and well above are encountered frequently at head-tape contact points
when tape is sliding against the tape as demonstrated by Sullivan [10] and Bhushan
[51, 88]. At the tape head interface temperatures can reach up to 400°C [10, 47, 51] at
the contact point asperities, therefore the water vapours will interact with the binder

polymer inducing hydrolysis.




In fact, several studies use boiling water to perform accelerated tests in order to
investigate life expectancy of the magnetic tapes [75, 137]. By extrapolating the
results of these accelerated tests, life expectancy of the tape is found to decrease due
to hydrolytic degradation by three orders of magnitude when the humidity is
increasing from 30 to 75%RH, from 3.5 to just little more than a half a year even at
20°C [138]. Moreover, any acid produced during hydrolysis catalyses additional
hydrolysis, thus conferring an autocatalytic nature to the degradation channel.
The by-products of chemical degradation have lower molecular weight and have less
or no unsaturated bonds, and are soluble in water [43] therefore in terms of physical
properties indicates reduced or no adherent properties. Therefore, through hydrolysis,
the binder looses its ability to bond, to adhere to surfaces. Magnetic particles from
tape or from the adhesive debris on the magnetic head are shed, hence the removal of
previously formed stains from the magnetic head seen at high humidity. Aditionally,
water is also responsible for passivating unsaturated bonds on the ferrite surface so
making transfer film formation very unlikely. This process may also lead to the
production of loose iron/binder particles. These debris particles then become 3
bodies between head and tape, leading to abrasive wear and increasing the wear of the

head [885. 80. 88].

In the same time, as the humidity increases, water vapour chemically interacts
with the ferrite of the head and forms a very thin layer of iron hydroxide (FeOOH)
(figs 73-80). Since iron hydroxides are soft materials and they tend to flake off, they
are easily removed by the tape asperities. A new fresh layer of ferrite being exposed,
the process continues. Therefore, no material transferred from the tape can adhere to
the ferrite head. The rate of material removal from the heads is higher than the rate of
deposition in this case. This phenomenon is also responsible for higher rates of head
wear observed by some authors towards higher humidities and confirmed by our

experiments (figs 27-28, 114).

According to equation 3-6, the water pressures at the above mentioned

environmental conditions are:
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Environmental condition | Water vapour pressure (kPa)

20°C/10%RH 0.234
20°C/30%RH 0.702
20°C/75%RH 1.754

For a given volume, considering in a first approximation that the water

vapours obey to the law of an ideal gas, the amount of water ratio is:

Mas _P1s =95
My Pso

Where:

mys is the mass of water at 75%RH;

mjo the mass of water at 30%RH,;

p7s water vapour pressure at 75%RH;

p3o water vapour pressure at 30%RH;

Therefore, the amount of water at 75%RH is more than twice that of 30%RH,
hence accelerated hydrolysis of the polymer binder, hence the decrease of the life

expectancy of the tapes.

Experimental studies on metal particulate tapes under normal ageing conditions,
have shown that the reaction constant of hydrolysis for polyurethane, which describes
the concentration variation of binder in time when exposed to moisture, is
K=9~IO'12min'][_l_=}_2]. A slightly different result, K=3.5-10"min”", was measured
indirectly, through an accelerated aging method, by Yamamoto and Watanabe [143].
Further analysis shows the variation of the reaction constant upon environmental

conditions:
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Temp (°C) Humidity(%RH) | Reaction constant Ky(min™)

20 65 56107

30 60 291072

30 90 3.4.10"

"0 60 1.2:10™

0 o0 1.4-107"

>0 60 44107

> 20 5310

© 60 27107

% %0 41107

400 60 53107 (%)
Table 5-1 Computed values of the reaction constant for binder hydrolysis (after
143)
(*) —Extrapolated data;

There are several important conclusions that can be drawn from the above table:

= The reaction constant is higher at higher humidities and the same temperature;
hence, when the relative humidity increases, the degradation of the binder
through hydrolysis is accelerated;

» The reaction constant is higher at the same humidity and higher temperatures;
this is a direct result of Arhennius law (Equation 2.1-5-1) which describes the
variation of the reaction constant upon the temperature;

= Finally, there is an increase of 3 orders of magnitude of the rate of hydrolysis
from 20°C/65%RH to 65°C/90%RH as a result of corroborated effects of

increased temperature and humidity on binder hydrolysis;

The high rate of binder hydrolysis and the higher rate of iron oxihydroxide
formed on the surface of the head explain the absence of stains on the magnetic heads
when experiments were performed at moderate and high humidity as well as the

removal of stains from the magnetic heads. The formation of iron oxihydroxide on the
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head’s surface can explain as well higher rates of wear of the heads observed at high

humidities.

5.2.2 Low humidity, increased temperature

Towards lower humidity and high temperatures, another process, chain scission
of polymer binder is found to increase at an accelerated rate when polymer is exposed
to high temperatures. Direct evidence of polymer chain scission was observed at 80°C
[72] and indirect evidence of chain scission has been seen also at 100°C [72, 116] and
one has to bear in mind that even higher temperatures of up to 400°C are achieved at
the contact points between tape and head due to friction [10, 51, 88). The degradation
of the binder occurs this time by formation of allophalate branches and biuret (eq 4).
Having more unsaturated bonds, these by-products give a sticky, gummy property of
the degraded binder [63]. In spite the fact that tape manufacturers use inhibitors [16,
101, 113] to reduce the rate of autocatalytic reactions, the phenomena cannot be
avoided given the current polymers used as tape binders and the mechanical
requirements for the binder. It was found that the rate of degradation through chain
scission increased by three orders of magnitude when temperature was raised from 20

t0 40°C at 30%RH [138].

It is well known that the reaction constant of polymer degradation obeys

Arrhennius law:

K= A-exp(-E/RT) Equation 5-2

Where K — reaction constant

A — preexponential factor

E. — activation energy (minimum energy required to produce a chemical reaction)
R- universal constant of gases

T — temperature in Kelvin;

Measurements showed that typical values for polyurethane thermal degradation

are [141, 143]:
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E. (kJ/mol) 110 — 191 kJ/mol

A (min™) 2.2.10°-9.7.10"° min™

If we consider A=2.5-10° min'], E.=133KJ/mol, then at a temperature of T=300K

(27°C) we find the reaction constant:

133-10% J / mol

K00 = 2.5«106exp(—
8.31Jmol 'K ™" 300K

_ A8 ]
)=16.9-107" min Equation 5-3

If we are doing the same calculations for a temperature of 400K (~123°C) and
700K (~423°C), a temperature usually achieved at the contact points between tape

and head, we obtain:

133-10° Jmol™

Koo = 2.5-10%xp (-
100 P S ol K- 400K

_ 42l
)=10.5-10"" min Equation 5-4

and

133-10° Jmol™
831Jmol™ K™ - 700K

Koo = 2.5-10%xp (- )=2.94-10" min Equation 5-5

The reaction constant at 700K (K;g0) is much higher than that of 300K (Ksgp),
which means that the thermal degradation is much faster.

K .
—7% —1.74.10"
K

300

The chain scission of the binder seen by many [63, 66, 75, 76, 126] does not
affect the chemical functional groups used as anchors for iron particles (see section
2.5.2). Therefore, in the near surface of the tape, both iron particles and the binder
itself will become easily detached by the shear forces developed during motion at the
tape-head interface. The adhesion forces (van der Waals, electrostatic forces) will
attract the binder and iron particles towards head surface where the binder will

interact with the ferrite of the head through these unsaturated bonds re-creating strong




chemical bonds. Friction may supply additional energy required to re-create these
chemical bonds. On the head side, after a polishing process at the beginning made by
the tape, low humidity will ensure that there is very little FeOOH on the surface,
leaving it chemically active towards reaction with the binder polymer. The same
chemical forces of adhesion between the iron particles in the binder on the magnetic
layer formulation will act between binder polymer and the surface of the head to

create strong chemical bonds.

The higher rate of polymer degradation through chains scission towards higher
temperatures together with the path followed by the degradation of the binder polymer
easily explains the higher amount of stains observed on the magnetic heads at high

temperatures during the experiments.

5.2.3 Comparison different phenomena at a given environmental

condition

It is very important to compare which phenomenon — hydrolysis or thermal
degradation — is dominant at various environmental conditions. If we compare the rate
of degradation through hydrolysis with that of thermal degradation, considering the

reaction constants found above, at 30°C, one can find:

Ky 2910 min™ _\ s Equation 5-6

Ky 16910 min™

which means that hydrolysis (Ky), is the main mechanism of degradation at low
temperatures. Taking into account the reaction channels presented and the fact that the
reaction by-products have saturated bonds, therefore no adherent properties, one can
explain why no stains are seen at these temperatures. Once the binder looses its
adhesivity, the iron acicular particles will easily detach from the tape and from the
stains, become third bodies entrapped between head and media and accentuating the

wear of the magnetic heads.
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At elevated temperatures (in this case 400°C) and low humidities the phenomena

are reversing:

K, 5310”7 min"

= =1.8-107 Equation 5-7
K., 2.94-10%min™

Ky<<Kog therefore at these temperatures, the chain scission phenomenon is
much more important than hydrolysis. Also, taking into account that the reaction
by-products of this chemical reaction have unsaturated bonds, it can be easily

explained why stains appear and are seen at high temperature.

These calculations confirm many experimental findings [63, 66, 75, 76, 126, 137,
138] that hydrolysis is taking place at lower temperatures and moderate humidities
and chain scission is responsible for degradation of the polymer binder towards high

temperatures and low humidities.

In the following flow chart is a synthesis of the proposed mechanism is given.
The proposed mechanism can explain why large amounts of stain are observed at low
humidity whereas at high humidity these stains disappear or they are not forming on
the surface of a head. The higher wear rate measured towards higher humidities Is,
according to the proposed model, a direct consequence of the development of a thin
layer of soft material on top of the head surface and higher wear generated by the
loose particles through third-body abrasion. In addition, taking into account that
certain metals may catalyse the binder degradation, it may explain why some metals
(Ni) were seen to inhibit and others (Cu, Fe) to exacerbate the amount of stain
generated by the metal particle tape as seen by Liew [87], Lemke [32] and Bhushan
[86] when experimenting with heads made from different metal materials. However, it
must be pointed out that only iron oxides (ferrite) are used commercially as head

material.
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head

Y
Water reacts with
ferrite surface and

forms FeOOH

Y

the tape (mainly the
tape's HCA) is lapping
the FeOOH and the head
remains clean

high

talge

Y

low

Y

Decomposition of binder polymer
occurs (due to the temperature
mainly but also due to mechanical
fatigue); the decomposition affects
the polymer backbone; the free
radicals formed have unsaturated
bonds (eq. 4.); hence adhesivity;

Y

Polymer binder and magnetic
particles will become loose and
physical forces (i.e. van der
Waals) or electrostatic forces will
attract some of this debris
towards the head;

high content of water in
the atmosphere, high rate
of FeOOH formation

Y

2 & 3 body abrasion
may occur

the degraded binder (the free
radicals) react with water and
re-creates  chemical  bonds;
(degradation through
hydrolysis);

Y

the newly formed by-products
are soluble and don’t have the
adherent properties of the
original binder;
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the free radicals will react with the
ferrite in the same way as normal
binder interacts with  acicular
magnetic  particles  within  the
magnetic layer re-creating strong
chemical bonds; (it can explain why
the stain cannot be easily removed);
friction can supply the energy
needed to recreate these bonds;




Due to high rate of wear of head
material and to the binder
loosing its adhesive properties
due to hydrolysis, few stains
appear on the head

\

Reduced  probability  stain
appearance

Y

remain clean

tape is wearing continuously the
FeOOH and the head will

few polymer or no polymer
chains will be able to stick on
the surface of the head; higher
wear rate of the head;
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in moving towards the head, the
radicals will also grab iron particles
from the magnetic paint of the tape

Y

stain is forming on the head but
the polymer will still have
unsaturated bonds (will still be a
radical) and thus more polymer
with iron particles will react with
the newly formed stain;

stain will increase its area

\

stain is forming and its areal
coverage grows




It has been suggested by some authors [19, 101] that stains occur and grow due to
adhesive forces between iron particles of pigment and the iron oxide of the head on a
like-on-like basis. The theory cannot explain though the presence of stains on the
glass region of the magnetic head nor stains generated by other types of magnetic
tapes. However, one should bear in mind that both surfaces of the magnetic particles
and head are covered in a thin layer of iron oxyhydroxide that behaves as a base [59,
64, 67, 44, 65]. On the other hand, the type of interaction between the polymer binder
and the iron particles or ferrite surface of the head is that of acid base [64]. Being
stronger, the second type of interaction is more probable and gives more stability to

the newly formed compound.

The stain simulation was able to induce stain on a large area of the ferrite surface
thus enabling the use of the very sensitive XPS method to investigate the results. The
research was able to show that stains generated by the metal particulate tapes may
contain binder polymer in addition to the iron particles. Although in small amounts,
the presence of binder polymer in the composition of the adhesive debris is extremely
important since the polymer adheres to the head along with iron particles leading to
head to tape spacing loss, loss of signal and therefore increased error rate. The
chemical stability of the binder polymer under different environmental conditions,
especially under high humidity and high temperature, dictates the amount of debris
generated by the metal particulate tape and the may influence the delicate balance of

the stain dynamic process of formation and removal.

The stain is not an unwanted phenomenon anymore in today’s tape drive’s, it has
been proven that if it forms a continuous thin layer it can reduce dramatically the
friction between head [32, 86] and tape therefore understanding its mechanisms can
help controlling it and leading furthermore to improvements in tape’s storage density.
Keeping the amount of stain deposited on the heads under control proved to be
however difficult and one key towards higher data densities is to reduce the amount of

stains generated by the magnetic tapes.

The proposed mechanism can explain why large amounts of stain are observed at
low humidity whereas at high humidity this type of debris disappear or they are not

forming on the surface of a head. Strong adhesivity of the stains on the magnetic

208




heads can also be explain taking into account strong chemical bonds that are forming
between surface at the head and binder polymer. The higher wear rate measured
towards higher humidities is, according to this model, a direct consequence of the
development of a thin layer of soft material on top of the head surface and higher
wear generated by the loose particles. In addition, taking into account that certain
metals may catalyse the binder degradation, it may explain why some metals were
seen to inhibit and others to exacerbate the amount of stain generated by the metal

particle tape.
5.3 Mathematical considerations of transfer film formation

The mathemathical model proposed here is based on the model presented by
Myshkin in a paper [145] published in 2000. Let us consider two plane-parallel
surfaces at a distance zy one from the other as in figure below. On the surface situated
at z, from origin particles appear with their concentration following a given temporal
law 1), which will be described later and are deposited on the other surface situated

at origin. Also, the interfaces move tangentially at a certain speed.
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Figure 5-4 Model of mass transfer in a friction contact [145]
This setup aproximates very well the tape surface shedding iron/binder

particles and the head surface. Under such circumstances, the law that describes the

variation of the particles concentration along z axis is:
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@{ = DAN + v,gradN Equation 5-8
oT

Where N — is the concentration of particles

T — temperature

D —diffusion coefficient

vo — velocity of the particle

The equation describes particle movement due to diffusion and convection
components respectively. The diffusion component is related to the amount of
particles generated at the surface zo, (the magnitude of wear) and the convection
component is related to the movement due to additional fields that may be present at
the interface such as electric or magnetic field. In a first approximation we will

neglect these fields, although sometimes they can be quite important [145]

The speed of the particles can be evaluated using the Reynolds number:

VoZy

Equation 5-9

R, =
1%

Re — Reynolds number;

v - kinematic viscosity;

Kinematic viscosity is defined as:

y= Equation 5-10
Je,

N - dynamic viscosity;

p - density

Hence, we find the speed:

e Equation 5-11

The Reynolds number is below unity for speeds up to 100m/s when zg is small

(around pm) [145].

Under stationary conditions, the concentration varies upon depth z, and

temperature T. Another variable not encountered yet is time t. Hence we can write
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N=N(z, t, T) The boundary conditions when resolving an equation such as Equation
5-8 are very important. Another problem is when the concentration at z=zy is a
function y dependent of time as in the case of tape-head interaction as we shall see

below.

As discussed previously (see section 5.2), there are two main phenomena
taking place at the head tape interface at different environmental conditions: polymer
chain scission that leads to adherent debris and hydrolysis leading to a loss of binder
adhesivity. One can safely suppose that the amount of particle generated is directly
proportional with the amount of degraded polymer at a certain environmental
condition. Hence, the chain scission will increase the concentration of particles
(binder polymer and magnetic particles) at the surface zy whereas hydrolysis would
decrease it by removing these particles (particles would become loose and will be
removed by tape movement). These two phenomena can be quantified, as previously
seen, by means of reaction constant: K=dN/dt defined as the variation of the
concentration of a given substance in time. Thus, we can estimate theconcentration of

particles at the interface z;:

y(t)= J-(K'r - Kyp)dt Equation 5-12
with t — time
Ky — reaction constant of polymer hydrolysis;

K+ — reaction constant for binder thermal degradation;

Also, one has to take into account that K+, Kj; obey Arhennius law (see Equation 5-2),

hence:

E . E » ¥ -
y(t)= J-{A'/' eXP[- R‘; ) - A4y exp(~—ﬁﬂdt Equation 5-13

With:

Ar, Ay — pre-exponential factors for polymer thermal degradation and hydrolysis
respectively;

Ear, Ean — activation energy for thermal degradation and hydrolysis;

R — universal constant of gases;
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For a given temperature T, the initial (boundary) conditions are:

N(0,t) = 0; N(zo, 0)=N;

The amount of deposited substance at z=0 (in our case on the head) is:

0= f Tt Equation 5-14
0

Where J is the flow at the surface having coordinnate z=0:

]= D(%) Equation 5-15
aZ z=0

The diffusion coefficient can be estimated from hydrodynamic theory as being:

D=kT/6nmrg Equation 5-16

k - Boltzmann’s constant,
7 - dynamic viscosity of polymer

ro — radius of particles (in the case of DDS2 magnetic particles, 0.18um);

Due to the fact that ‘(t) is linear in time, the solution of the Equation 5-8 can
be found using Fourier series. Thus, in our case, the general solution describing the
phenomena of deposition and the amount of deposited substance on the surface at z=0

will be:

n 2 )
QZZ{A,I +B1*+C, expl}- 7; ?l} Equation 5-17
=

Zy
with A;, B;, C; being coefficients dependent on D, zg, and T, and indirectly through

‘() and reaction constants to relative humidity.

Hence, the amount of stains “arriving” on the magnetic head depends largely
on the equilibrium that is established between the hydrolysis and thermal degradation.
Due to the limited time, we were unable to test this model using the experimental

results.
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6 Discussion

6.1 The ERT, AFM and wear experiments

It has been found that the environmental conditions employed during the
experiments influence the error rate. The fluctuation of the error rate seen for all the
drives tested at the beginning of the experiments (figs 4-1 to 4-19) was caused by the
poor conformity of the tape to the head. These fluctuations cannot be due to adherent
or loose debris since AFM scans show for example at 25°C/35%RH that head poles
are clean after 100 cycles (figs 4-37b, 4-38b, 4-39b, 4-40b) whereas the error rate
graphs display fluctuations of them (see figs 4-1 to 4-4). It is more likely that minute
changes of the head curvature, tape tension, wrap angle or other physical properties of
the tape such as elastic modulus occur when using different head-tape assemblies thus
increasing head to tape spacing and increasing the number of random errors. As the
experiments progressed, the conformation of the head improved, the head profile was
re-adapting to the new conditions, due to wear and the fluctuations disappeared.
Further variations of error rate were caused mainly by loose or adhesive debris. At
high humidities (above 35%RH) the error rate decreased and remained at low levels
throughout the experiments. At low humidities, after the fluctuations at the beginning,

the error rate increased steadily as may be seen in figs 4-5 to 4-8.

AFM scans show at high humidity the ferrite poles of the heads to be clear
throughout the experiment, with a few patches of stain of 2-4nm in height present.
The height of the stain was too small to induce a significant signal loss, therefore the
reduced error rate. The amount of deposit present on the glass region remained below
the level of the poles hence had no influence on the signal output. Abrasion marks
were visible along the glass region (see 4-37b, 4-38b, 4-40b) caused either by third-
body abrasion or by two-body abrasion generated by the head-cleaning agents
contained within the magnetic layer of the MP tape. On the other hand, AFM scans of

the tape show the presence of the head-cleaning agents afier 1000cycles (fig. 4-35)




particles with a higher hardness than the Mn-Zn ferrite. These experiments have

confirmed a previous finding that stains seldom occurs at high humidity [27, 86, 28].

An interesting feature, similar to those reported by Chandler et al [111] and
Harrison et al [114] appeared at 5°C/80%RH. The topography of the heads shows
ripples on the poles of one head and what looked to be plastic flow on the other
(figures 4-44d and 4-43d respectively). They are different from the usual stains found
on heads and they are believed to be generated by a micro stick-slip process, also
evident in noise measurements performed by Chandler [27]. There are not very often
found on magnetic heads and, as Chandler [27] pointed out, they are generated by a
particular configuration (couple) of tape and head. The measurements we performed
found their height between 2 nm and 5 nm in good agreement with Chandler’s
measurements. The glass region shows patches of stain and sometimes scratches
generated probably by third bodies entrapped between head and media. The scratches
seemed to have been made in a layer of stain. The observation is based on the fact that
during the experiments the height between the ferrite poles and the neighbouring glass
decreased. It is unlikely that this phenomenon was caused by pole-tip recession but
rather by accumulated adhesive debris on the glass region. The measured size of the
scratches was between 10 and 16 nm (fig 4-43c, 4-51a, 4-51b). By the end of the
experiments, the scratches disappeared being removed by high wear rate as the

measurements show (see below).

In terms of wear, high humidity was responsible for the high wear rate

measured for the heads. The highest overall wear was measured at 5°C/80%RH and a

precise value could not be measured since the indents disappeared after just 1000
cycles. However, it can be said that the rate was at least 1.7 nm/m. A reason for such
high wear was the cumulative effect of temperature and humidity. High humidity was
responsible for generating the FeOOH at high rates on the surface of the ferrite as
discussed later and in the same time lower temperature increased crystallinity of the
polymer binder, increasing the elastic modulus of the polymer thus increasing the
wear rate. Tape manufacturers choose the glass transition temperature of the polymer
binder between —50°C and 100°C [52, 99, 100, 101, 113, 98] but usually it is between
35°C and 90°C [52]. Studies [38, 29] have shown that wear of single crystal ferrite




increases rapidly with the decrease of the temperature due to the increase of the elastic
modulus of the tape binder. Hence, the binder polymer became stiffer, increasing the
tape abrasivity and ultimately leading to an increase of wear. The wear profile of the
heads show the rate was higher towards the trailing edge of the head compared with
the leading edge. It was showed that this is the result of the debris accumulating
towards the trailing region of the heads and producing third body abrasion [86]. This
type of abrasion is more effective in terms of material removal rate compared with the

polishing process or two-body abrasion [17, 18].

At low humidity, the behaviour of the drives was different. The error rate
increased during the experiments especially when the temperature was elevated. At
low temperature, although the rate fluctuated, the error rate had low values (fig 4-9 to
4-12). AFM scans showed that stains tend to accumulate at the beginning on the glass
regions of the head since these regions are recessed compared with the ferrite poles
and low error rate was recorded (figs 4-43 to 4-49). Stains start as magnetic particles
and binder shed from the tape due to binder polymer degradation and then adhere to
head surface as physical (i.e van der Waals or hydrogen bonds) and later chemical
interactions between head material and binder polymer take place. Frictional heat can
provide enough energy to trigger the formation of chemical bonds on the head
surface. After filling the glass region, stains grew on the ferrite poles, the spacing
between head and media increased and error rate started to increase. However, the
amount of adhesive debris deposited on the heads was lower at 10°C compared with
45°C since at the end of the experiments the glass region was more recessed at 10°C
(22nm compared with 2-3nm at 45°C). This could be the result of the temperature-
induced transition of the tape binder from rubber-like at high temperature to glass-like
polymer [22, 20, 77, 62] that resulted in increased tape abrasivity towards lower
temperatures. The increased abrasivity resulted in increased rate of stain removal from
the ferrite poles. Another phenomenon, the temperature-exacerbated chain scission of
the polymer binder within the magnetic layer of the tape resulted in more material and
iron acicular particles being shed from the tape, thus more stains. Studies [63] show
that at high temperature the binder is prone to chain scission whereas at high humidity

the most probable process occurring is polymer hydrolysis.
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Although the method used to measure the roughness of the heads is scale and
instrument resolution dependent, it gave some indications on the processes occurred
during the experiments. At high and moderate humidity, the roughness decreased or
reached certain equilibrium. The phenomenon occurred either because the heads were
stain free during the experiments or because the layer of the stain was continuous or
covered only the depressions. At low humidity and high temperature (45°C/15%RH),
the staining process of the heads was accelerated and large amounts of stain were
formed on the heads. Under these conditions, the roughness of the heads increased

continuously.

In the same time, the wear measured was very low due to stains adhering to
the surface of the head and acting as a lubricant of the head-tape interface. The
lubricating role of the stain was for the first time seen by Lemke in 1979 [63] and his
findings showed that the friction coefficient decreased by as much as 100 times when
stains occurred on the heads. Since larger amounts of stain were generated under this
environmental condition (45°C/15%RH), the tape was wearing the stains not the head
material and hence stains were protecting the head materials. In equilibrium state,
even though the rate of stain deposition is higher at 45°C/15%RH, the rate of stain
removal can increase as well so that a steady state (equilibrium) is attained but at
higher amounts of stain on the heads. On some occasions, (10C/10%RH) the wear
rate fluctuated around zero with the leading edge having a slightly higher wear rate

(0.05nm/m) towards the trailing edge.

The wear rate of the materials is directly proportional with the normal load
which is about 69.85mN for DDS3 drives corresponding to 39.2mN tape tension and
a tape wrapping angle of 120°. Taking into account that the glass region is recessed
compared with the ferrite region, the normal load hence the wear rate of the glass will
be lower. During the experiments the wear rate of the ferrite was measured using the
indentation technique and in this particular environmental condition (10°C/10%RH)
was low therefore the wear of the glass region will be even lower. On the other hand,
the AFM scans showed that height difference between glass and ferrite is decreasing
from about 25nm to 15nm as the experiment progressed. Since the wear of ferrite is

very low, the decrease of height difference could have come only if the glass regions




were gradually covering with debris. Taking into account that the heads were
carefully wiped using cotton applicator and alcohol fact that removed much of the
loose debris, the conclusion is that these must have been adhesive deposits (figs 4-32,

4-33, and 4-49) and that they tend to form a uniform and continuous layer.

The wear rate seems not to be related with the amount of water present in the
atmosphere, but rather with the relative humidity (figs 4-20 to 4-33) or temperature. It
has been showed that the temperature influences the stiffness of the tape [62]. Overall,
the wear rate is higher at higher humidities than at low humidity. At high humidity,
the ferrite reacts with the moisture [41], so the surface of the ferrite will be covered
with a soft, thin layer of FeOOH as XPS studies have shown (figs 4-73 to 4-76). Since
the oxyhydroxide is a soft and porous compound [46], this layer is easily removed due
to the abrasivity of the tape and new layer of ferrite is exposed. The phenomenon
continues, leading to a higher wear rate. At low humidity, the surface of the ferrite
will be covered by a layer of adhesive debris that behaves as a lubricant and protect
the poles of the head against further wear. Under these conditions, the rate of adhesive
debris deposition is slightly higher than the rate of removal and the abrasivity of the

tape will ensure a constant level of stains on the heads.

6.2 AFM scans of the tape

Several AFM scans of DDS-2 tapes were taken during the experiments
revealing changes in topography as a result of wear. The virgin tape showed small
bumps between 10 and 20 nm in height due to probably metal particles being engulfed
in the polymeric binder and lubricant. As the tape worn, the top layer of polymeric
binder and lubricant is removed revealing crystals of SiO, and/or Al;Os that are used
in the tape formulation as head cleaning agents (see figs 4-34 to 4-36). At the end of
5000 cycles, the crystals disappeared due to shear forces occurring at the head tape
interface and wear of the tape during the operating of the drive revealing a series of
depressions on the surface. These depressions are specially designed during the
manufacturing process of the tape in order to facilitate the lubricant migration from

the bulk magnetic layer towards the surface but also to prevent adhesion of the tape
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surface to the recording head [63]. The continuous replenishment with lubricant is
necessary since the top layer lubricant is generally removed during the operation of
the tape. The phenomenon occurs at all environmental conditions but the speed of
migration towards the surface is temperature dependent as Nishida et al have shown
[79]. In order to maintain a constant friction force and to reduce the wear of the heads,

constant amounts of lubricant must be present on the surface of the tape.

6.3 SIMS analysis of the tape and DDS-3 heads

The SIMS analysis of the tape revealed the presence of the iron from the acicular
magnetic particles and a very characteristic pattern of organic compounds that are
present in the tape formulation as polymeric binders, lubricants etc. Given the
multitude of organic components used in magnetic layer formulation of the MP tape,
it was difficult to identify a pattern characteristic to a specific organic polymer. The
negative spectrum revealed the presence of chlorine most probably part of vinyl-
chloride copolymer that was used in the tape binder formulation. Despite the small
number of analysed heads, the spectra have given good indication of the composition
of the adhesive debris. The presence of small amounts of organic material is good
evidence that the transferred film may contain organic materials. The presence of
cyano group (CN) as a result of polyurethane breakdown enhanced the hypothesis that
stain may contain binder polymer. The analysis implied destroying the drum and
removing the magnetic head from it. Given the very limited amount of heads it was
not possible to extend the research to the full range of temperature and humidities that
were used during the research therefore heads that were running under two extremes

environmental conditions, namely high and low humidity were chosen.

6.4 AES analysis of the DDS-3 heads

The AES analysis has given strong evidences of the presence of the iron
within the stain formulation. Due to the fact the this analysis involved dismantling the
drum and removing the head, a limited number of heads where investigated and a

analysis of the heads running a full range of temperature and humidity was not
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possible. The spectrum of a reconditioned head shows no iron presence on the glass
region whereas on the stained head, the iron presence is evident. All stained heads
analysed had smaller or larger amounts of iron on the glass regions. The results
confirm previous researches performed by others [86, 115, 10, 94, 91] showing that
stains consist of acicular iron particles from the MP tape. The amount of iron seen on
the glass region of the stained heads varied but one has to bear in mind that stains

have a patchy feature and some areas of the glass region might have been stain free.

In addition, the results show the high rate at which carbon contamination is
taking place even under high vacuum conditions (below 10 mbar and with liquid
nitrogen trap). The carbon peak was removed by etching but after several minutes

after starting the experiments, the carbon peak regained its height.

Apart from carbon, oxygen and iron, the AES spectra did not show the
presence of other elements in particular nitrogen and chlorine. The negative result was
probably caused by several factors:

= Patchy feature of the stains, hence small amount available for investigation;
= relative low sensitivity of the AES method
= the relative small amount of these elements even in the tape formulation.

Indeed, the XPS analysis of the tape showed that the relative concentrations of

nitrogen and chlorine are only 0.9% and 4.7% respectively.

In addition, the chlorine copolymer is unstable under electron and X-ray
bombardment and has a tendency to decompose in high volatile by-products, in

particular HCI. [116, 12]

In the case of the reconditioned head, AFM showed no signs of stain and the
AES analysis showed no iron presence in the glass region. In the case of the stained
heads where high temperature and low humidity was used, all heads investigated
showed the presence of iron on the glass region therefore AES experiments proved
that the stains consist of iron. Taking into account that AFM showed that stains occur
on the ferrite poles as well as on the glass region, it can be concluded that one of the

stains main constituents are iron particles.




6.5 Ferrite behaviour at high humidity

Due to the size of the heads, further analysis using a more conclusive method
such as XPS was not possible so a way of simulating on a larger surface of the
processes that occur at high and low humidity was conceived. On the other hand,
despite its sensitivity, SIMS technique does not allow the quantification of an element

or the identification of the chemical interactions between elements.

After exposure to high humidity, a fresh layer of FeEOOH with adsorbed water
was observed. The presence of FeOOH was furthermore confirmed by analysing the
ferrite sample after heating them above 100°C but below 136°C, the decomposition
temperature of the hydroxide. Similar results were obtained by others [46, 45, 44] but
when investigating the acicular magnetic particles. Taking into consideration this
observation it is reasonable to assume that a similar phenomenon occurred on the

ferrite poles of the magnetic heads when exposed to high humidity.

In moist air as well as in water with traces of air, iron is rapidly oxidised to give a
hydrous oxide, which gives no protection since it flakes off, exposing fresh metal
surfaces. The process of hydrolysis occurs no matter whether the surface exposed is
made of iron or its oxides [95]. Thus, the simulation performed by boiling the ferrite
samples accelerated the process of hydroxide formation, increasing the amount of
material available for analysis and did not change the nature of interactions. The iron
oxyhydroxide being a soft material [95] it can be easily removed by the tape during

the normal operation of the DDS drive.

These results allowed to build a model of the phenomena taking place on the
head side when exposed to high humidity. When the drives were exposed to these
kinds of environmental conditions, the ferrite poles were covered by a thin layer of
oxyhydroxide. Since the oxyhydroxide can be easily removed, after starting the
experiment tape running on top of these poles was able to remove it. A clean and
chemically active layer of ferrite being exposed, the process of formation of
oxyhydroxide continued. The phenomenon probably occurred at all humidities,

however the amount of oxyhydroxide depends on the relative humidity being higher
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towards higher humidities. That means that more ferrite material was transformed into

oxyhydroxide hence more material removed and higher wear.

The higher rate of wear observed at higher humidities could explain why the
ferrite poles remained stain-free during the experiments under these environmental
conditions (see figs 4-37c, 4-38d, 4-40c, 4-45d, 4-47d). This can also account for
higher wear rates (see figs 4-27, 4-28) measured for the heads running tapes in high

humidity atmospheres.

To conclude, in the case of fresh ferrite surfaces exposed to high humidity a
process of corrosive wear (chemical wear) was found to be taking place followed by
abrasive wear due to the tape. At lower humidities, the corrosive wear also takes place

but at a much slower rate since the amount of water vapours is reduced.

6.6 Ferrite behaviour at high temperature and low humidity

(stain simulation)

Stain simulation using the ferrite samples and the loop tester was able to induce

staining as one can see from figure 4-90 and figure 4-91.

By using computer simulation and interferometry, Muftu and Kaiser [117]
showed that that on a flat head the tape might actually form a “tent” and not being in
contact with the surface of the flat head. According their model, the distance between
head and tape varies between 50 and 100nm on both high and low tape speed used
during the simulation. Since the head protrusion of a DDS drive is around 40nm [139,
1407, the magnetic tape would not have touched the ferrite without biasing the ferrite.
The electrostatic forces developed helped pulling the tape towards the ferrite surface.
The amount of stain generated at low tape speed was higher due to higher time the

tape ran before snapping (2 days compared to 3 hours at high tape speed).
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It is unlikely that the stains generated by biasing the DDS-2 ferrite will differ
dramatically from those generated under normal working condition of a DDS drive
since the energy of the adhesive bonds of the stains to the surface is very high (up to
10eV) compared with the energy due to electrostatic charging which is about 0.2eV.
The latest value was computed for two layers separated by less than 30nm at room
temperature and taking into account Novotny calculations [64]. Moreover, studies on
the adhesive properties of the polymers on surfaces show that the electrostatic forces
arising on the interface between an adhesive layer and the substrate are not significant
and they cannot account alone for the strong adhesion properties. Strong adhesion
properties are mainly the contribution of the chemical bonds and van der Waals
forces. [118, 64]However, electrostatic charging may occur on the ferrite surface
taking into account the friction forces between the tape and the magnetic head and
that the ferrite is an insulator. Hence, biasing the ferrite bars did not change

substantially the working conditions of a magnetic head occurred in a DDS drive.

One type of stain was induced using DDS-2 tape at high speed and its features are
very similar to the stains seen earlier on the ferrite poles of the DDS-3 heads. There
are small patches of 14nm height and the ferrite substrate with its familiar polishing

scratches can still be seen. (figs 4-82 and 4-83)

The second type of stain was induced using a slow moving DDS-2 tape and is a
continuous layer probably more than 21 nm thick. These features are probably similar
to those seen on the glass region of the heads. Wear tracks in the direction of the tape
movement can be clearly seen. Also, there is a clear difference (see Figure 4-85)
between the tracks on the clear ferrite surface oriented randomly and that were
produced during a polishing process and the wear tracks generated by the tape that are
parallel to the direction of tape movement. However, based on the XPS results, it is
believed that the later are produced in a thick layer of stain and not on the ferrite
surface. The depth of these tracks is 24-30 nm therefore the layer of stain must have
been at least 30 nm thick (figure 4-84). In figure 4-85, an AFM scan of the boundary
region between clear and stained ferrite is shown. In one occasion, features of 2-5 nm
in height were seen (figure 4-43) but they are not stains but more probably plastic
flow of polymer binder and tape lubricant. As Chandler pointed out [111] these

features occur only at a particular tape-drive assembly and not on a regular basis.
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Once the tape or drive is changed, the phenomenon is not occurring anymore. Taking
into account that the experiments used different tapes, it is possible that one of these
tape had slightly different mechanical properties that triggered the apparition of these
ripples. Indeed, after finishing the experiment and changing the tape, the ripples did

not appear anymore.

DDS head protrusion is about 40nm as pointed out by various authors [139, 140].
Muftu and Kaiser simulations [117] show that the distance between head and tape is
changing according to the tape speed: it is about 50nm at low tape speed and increases
to 250-300nm towards high tape speeds. Hence, the probability of a loose particle to
be transferred from the tape to the head decreases as the distance between head and
tape increases with the increased tape speed. This behaviour can explain the
differences seen between the ferrite surface topographies but also higher amounts of
chlorine and other tape specific materials measured when tape ran at low speed

compared to high speed.

SIMS analysis confirmed the presence of amounts of chlorine and organic
compounds for magnetic heads running at 45C°/10%RH. In the negative range of the
spectra, radicals such as chlorine, cyano, and CNCI that are specific to the binder
polymer were found. Apart from iron coming from the ferrite and acicular magnetic
particles, the positive spectrum showed for the heads running at low humidity the

typical pattern of polymers.

By using XPS technique, the chemical composition of these deposits on both
ferrite samples was investigated even in more detail. In both cases, the presence of
chlorine and nitrogen was detected, elements not previously seen on the clear ferrite
surface. These elements constitute a clear indication of binder presence, most
probably degraded binder polymer. Chlorine and nitrogen were seen on all ferrite
samples running at 45°C/10%RH whereas the original and reconditioned
(25°C/80%RH) ferrite bars did not display them. The amount of chlorine and nitrogen
varied, being larger for the ferrite where the tape ran at low speed and for a longer
period of time, which indicates larger amounts of stain generated. The finding was

also confirmed by the AFM scans performed on these samples.




These experiments were able to show that the adhesive deposits generated by the
MP tapes consist in binder polymer as well, not only acicular iron particles as
previously seen. These results were possible by successfully generating stains on a
much larger ferrite surface (more than 21111112) than the usual heads (usually less than
200pm2) and using a powerful technique such as XPS to analyse it. Previously
employed techniques were using SIMS or FTIR on magnetic heads hence small

surfaces and hence very limited amounts of stains were analysed.

However, the investigations performed by Chandler [115] using ToF-SIMS found
iron presence but no clear evidence of binder within stain formulation. The research
used stained heads and prior to analysis, the heads were sputtered using Ar in order to
remove environmental contaminants. In addition, the analysis also revealed presence
of materials, other than iron that are generally used by the tape manufacturers in

extremely low amounts (less than 0.1%) to improve wettability of iron particles.

There are several outstanding differences between ToF-SIMS and XPS
experiments though. Firstly, it has to be pointed out that prior to SIMS experiments
the stained surface of the head was cleaned using sputtering. It is well known that in a
mixture of elements, preferential sputtering of elements may occur due to difference
in sputtering rates of the elements composing the mixture and the phenomenon may
change the surface composition. In our case, the stains are a mixture of polymer

binder, lubricant and iron oxide acicular particles in a similar way as in Figure 6-1.

However, as one can see from Figure 6-2, due to different sputtering rates,
polymer binder might have been removed preferentially during the preparation steps
of the surface from the top layer of the stains, leaving mainly iron particles. The
assumption is based on the fact that different chemical elements or substances have
different sputtering rate than others and, particularly in this case the binder probably
had a greater sputtering rate compared with iron particles. Other studies suggest that
nitrogen may be preferentially sputtered when using Ar. [119] Indeed, measurements
show that the sputtering rate of the polymer when bombarded with a 2keV Ar beam

can be as high as 10nm/minute [120] whereas the sputtering rate of the iron much
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less: around Inm/minute [121]. Therefore, this particular way of cleaning would have

led to an early depletion of the binder from the surface.

To make things worse, the sensitivity of the SIMS method depends upon the
element to be analysed. In the table below the relative sensitivity factor of the SIMS
method (RSF) for the common elements found within the tape formulation is given
(122]. Smaller numbers mean higher sensibility of the method towards that particular
element. As one can see, the method has very low sensibility to nitrogen (it is actually
one of the lowest compared with all chemical elements) and relative good sensitivity

to chlorine, carbon and iron.

Our SIMS spectra showed indeed traces of chlorine on the stained heads (Fig 4-72).
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Element Relative Sensitivity Factor (atom/cm3)
Fe 10” (positive spectra)
C 10° (negative spectra)
Cl 10°'(negative spectra)
N 10 (positive spectra)
Na 10°%(positive spectra)
O 10 (negative spectra)
Cu 10* (positive spectra)
Cr 10°'(positive spectra)
Al 10°'(positive spectra)
Ti 10° (positive spectra)
W 10*(positive spectra)
Table 6-1 Relative Sensitivity Factors for the common elements found in DDS tape
formulation; in parenthesis the type of SIMS spectra where the elements are detected

In the same note, the detection limits numbers (also known as areal density
numbers) that show the minimum number of atoms on a given surface in order to be
detected using SIMS, follow a similar pattern [123] as in the previous table. Copper,
chromium, aluminium, titanium and tungsten are sometimes added in very low
amounts to improve wettability of the acicular iron oxide particles, and they have a

very good detection limit, which explains why they can be traced even though these

Element Detection limit (10" atoms/cmz)

Fe 0.08

C 5

Cl 20

N 300

Na 0.01

O N/A

Cu 0.5

Cr 0.05

Al 0.05

Ti 0.1

W 0.2
Table 6-2 Number of atoms per cm” needed in order to be detected using SIMS
method

The second table of numbers confirms that iron and sodium can be easily

detected even in small amount whereas nitrogen and chlorine that would have been
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polymer binder markers are much more difficult to detect. Taking into consideration
that the amount of polymer binder is less than that of magnetic particles (volume
packing density is 55-60% [16]) it is understandable why so few researchers were

able to spot it using this apparently high sensitive technique.

During the experiments, since the polymer was now recessed, the signal came
mainly from the iron particles, the signal coming from the binder carbon nitrogen and
chlorine was being swamped (drowned) by noise. Moreover, a great deal of
information from the binder was possibly lost on high aspect ratio features such as
recessed binder in between two iron acicular particles due to shadowing effect (see
Figure 6-3 and Figure 6-4). This shadowing affect and poor secondary ion extraction
from these deep, jagged features resulted in a greatly reduced signal from the crater

bottom, hence very poor information about the binder polymer.

These phenomena had a cumulative effect and one would have found very faint
evidences of binder presence and would have probably assumed that the organic
traces were due to environmental contamination. In the same time by using sputtering,
the iron particles were cleaned off and traces of other metals that were added to the
acicular particles to improve cohesion were detected. The model could explain why so
little evidence was found about binder presence but in the same time very small
amounts of elements added to the iron particles to improve their wettability were still
traced. Considering that the polymer binder is only fractions of the magnetic pigment
of the tape and the low sensitivity of SIMS towards nitrogen and chlorine — key
indicators for binder presence — it is extremely difficult to detect the presence of
polymer binder within the stain formulation. Hence, very few references of binder

within stains on published papers.

In the case of the XPS experiments, the approach was completely different. The
cleaning process employed was different, cotton tipped applicator with alcohol and no
sputtering. The stained surface was cleaned of loose debris, but no etching was
performed. In addition, XPS is non-destructive method compared with SIMS. Hence
the stains retained their original composition, hence the difference in the results

coming from these two techniques. The area investigated was also much larger (more
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than 2 mm®) than that investigated using ToF-SIMS (only 50x50 um?), thus an
g y H

improved signal-to-noise ratio.
The figures below graphically show the proposed mechanism of binder depletion

during stain analysis using ToF-SIMS techniques. The thickness of the stain is greatly

increased for the sake of argument.
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Figure 6-1 Stage 1, the stained surface of the ferrite

Area sputtered

NI
////////////////////////////%

Figure 6-2 Stage 2, after sputtering, due to differences in sputtering rates of iron and
polymer, the binder is now recessed and the iron particles are having now a higher
profile
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Figure 6-3 Stage 3, before and during SIMS experiment, the signal is mainly coming

from the iron particles, that from the binder is either lost due to back scattering or is

drowned in noise
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6.7 Surface energy measurements of the ferrite and DDS-2
tape

Although the investigation could not be performed at its full extend due to
technical limitations, some remarks can be made from the preliminary results. The
surface energy of the ferrite changed after exposure to high humidity. On the other
hand, the surface energy of the DDS-2 tape did not change significantly as result of

exposure to low humidity.

Surface energy has two components: one is the polar component that basically
indicates the hydrogen bonds and van der Waals forces between molecules in the
system (mainly adhesive forces) and non-polar (dispersive) component responsible
for repulsive forces between molecules. If the contact angle is between the surface
and droplet acute, the adhesion (polar) forces are stronger the non-polar forces and
there are mainly due to hydrogen bonds as stated by Fowkes [109] The results proved
that the surface energy of the ferrite and the tape might vary due to the humidity and
temperature changes. The variation may influence the rate of deposition and removal
of the adherent debris on the ferrite poles of the magnetic heads. By comparing the
adhesion forces of ferrite and tape, one can draw some qualitative conclusions about
the probability of a loose particle to migrate towards one surface or to another. If the
adhesion forces are higher for ferrites than for tapes surface, then the probability of a
particle to stick to ferrite’s surface is higher than to tape’s surface. On contrary, if the
adhesion force is higher in the case of DDS2 tapes, then the probability for a particle

to migrate towards the surface of the head will be reduced.

The surface energy can be related with the chemical changes that occur on the
surfaces. It can offer information about the probability of a particle to migrate from
the tape surface towards ferrite surface. The surface energy measurements were
intended to give indications about the trend of the long-range physical forces (van der
Waals and hydrogen forces) since one model was supposing that these long- range
attraction forces involved in the early stages of stain formation were not van der

Waals forces but rather electrostatic ones [115].
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The experiments show that the surface energy of the ferrite is different from
that of the iron oxyhydroxide. It seems that the surface energy of the tape tends to
remain fairly stable with the humidity whereas the surface energy of the ferrite is
changing. The surface energy of the ferrite appears to decrease with the increase of
the humidity, which may suggest that the adhesion forces were increasing. In
particular, the polar component of the ferrite surface is increasing from 1.8mN/m to
2.5mN/m whereas the dispersive components remained constant (about 6mN/m). A
theory of stain formation suggests that the stain is forming on the heads due to an
increase of the adhesion forces between the head and tape interface as the humidity
decreases. However, the preliminary data tend to show the contrary, the adhesion

forces seem to increase with the humidity.

Given the amount of data acquired, it was difficult to draw a conclusion and a
comprehensive study will be required in order to fully understand the phenomena that

are taking place.

6.8 The wear rate at the same water pressure

In the study concerning the influence of the water pressure on the general wear
of the DDS-4 heads, no influence on the total amount of water present in the
atmosphere was found. The overall wear rate was measured to be smaller compared
with the experiments that used DDS-3 drives and DDS-2 tapes even though the
number of tape passes was doubled. This is probably due to an increased hardness of
the DDS-4 head materials and increased smoothness of the DDS-4 tapes compared
with the previous materials. The changes in design of both tape and head led to a very
low wear rate hence inconclusive data. Further increase in the number of passes
would have led to a dramatic increase of time needed to perform the experiments.

Therefore, another way of measuring wear at different environmental conditions

needs to be designed.

Most probably, the wear rate is determined by the relative humidity but further

studies are needed to determine the mechanisms responsible for this type of wear.




6.9 The model of stain formation

Since a comprehensive presentation of the model was done in the previous

chapter, in this sub-chapter we will emphasise here several aspects.

The stain simulation experiments were able to induce stain on a large area of
the ferrite surface thus enabling the use of the XPS technique to investigate the
results. The research was able to show that stains generated by the metal particulate
tapes may contain binder polymer in addition to the iron particles. Although in small
amounts, the presence of binder polymer in the composition of the stains is extremely
important since the polymer adheres to the head along with iron particles leading to

head to tape spacing loss, loss of signal and therefore increased error rate.

The magnetic tape binder plays a crucial role in the formation and dynamic
evolution of the stain and its thickness on various environmental conditions. As it has
been pointed out, it is very difficult for the tape manufacturers to obtain a chemically
inert polymer binder given the nature of polymer and mechanical properties required.
Hence, a trade-off between chemical stability and mechanical properties is reached.
Hence, the issues with the binder polymer that under harsh environmental conditions
will degrade to a certain extend. The main degradation channels are hydrolysis and
thermal degradation (chain scission) and the reaction products have completely
opposite properties in terms of their adherent properties. As it has been demonstrated
in the previous chapter, at high temperature the main degradation process is chain
scission and the degradation by-products are sticky given the higher amount of
unsaturated bonds. Towards higher humidities the hydrolysis of the polymer occurs
and this time the degradated polymer is composed mainly from urea which is in turn
soluble. Additionally, the water passivates any remaining unsaturated bonds and as a
result the binder loses adhesivity. This leads to the tape shedding both polymer and
iron acicular particles that become lose, entrapped between head and tape and

increase the wear of the magnetic head due to 31 body abrasion phenomenon.

The reaction rates of these decomposition processes are also increasing with

the temperature according to Arhennius law. Moreover, the degradation rate is also
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influenced by the presence of various transitional metals, which explains why several
authors {10, 86, 87] have seen variation of the amount of stain generated when the

tape was passing on blocks of different metals prior to reaching the head.

On the head interface, a higher amount of iron oxihydroxide (FeOOH) is
developing on the ferrite poles when the humidity is elevated. The oxihydroxide is a
soft material that can be easily removed from the ferrite poles during the normal
operation of the tape. In addition, due to its porosity, the iron oxihydroxide offers no
protection against moisture for the underneath layers of ferrite hence apart from
abrasive wear taking place at the surface, the corrosive wear takes place in depth. The
corroborated effect of two-body abrasion and three-body abrasion and the higher rate
of formation of the iron oxihydroxide leads to a higher wear rate of the magnetic
heads measured towards higher humidities. Taken also into account the lack of the
adherent properties of the degraded polymer binder, it can be explained the absence of
stains on magnetic heads seen towards higher humidities due to high rate of removal

compared with the rate of deposition.

The model presented here can explain several aspects of stains and
environmental-related phenomena, including strong adhesivity of the stains to the
substrate, dynamical behaviour on various environmental conditions, variation of the
wear rate of the magnetic heads upon environmental condition and the catalytic effect
of some metals on stain development. Hence, it is believed that this model is able to
cover more aspects and explains more accurately the phenomenology of the stains

generated by the MP tapes on the magnetic heads.




7. Conclusions

The error rate measurements show a decrease of the errors at moderate and high
humidity and an increase under low humidity with the number of tape cycles. As the
AFM scans revealed the trend of the error rate is related to the state of the head’s
ferrite poles. When the poles remained clear, the errors decreased or remained
constantly low whereas when the stain started to cover the poles and form patches, the
errors increased. Given the employed data density and taking into account the three-
levels error detection algorithms used in the day by day operation of the drive, the
corrupted data can be recovered easily. However, the presence of large amount of
errors determines an increase in the drive cost due to additional electronic circuitry
needed to compensate for such errors and difficulties for further increase of data

density.

Wear measurements confirmed early observations that the wear is higher on the
leading edge of the head than on the trailing edge. The formation of the stains led to
an increase in errors, but also a low wear rate. In these cases, stains covering the
ferrite poles behaved like a protective layer, hence reducing the wear rate of the poles.
The height of these deposits is usually between 14-20nm, occasionally up to 40 nm.
Stains on the glass regions did not influence the errors as long as their heights are
below those of ferrite region. Also, the humidity influences the rate of wear of the

heads, the rate beeing higher at higher humidities.

Chemical analysis of the stains show the presence of iron acicular particles shed
from the metal particulate tape but also constituents of the tape binder polymer. The
amount of binder polymer was found to be higher when the tape was cycled at low
speed due to a better contact between the tape and the ferrite and extended time the

tape ran over the ferrite surface.

Towards higher humidity, the water from atmospheric moisture is responsible of

creating iron oxihydroxide on the ferrite poles of the magnetic head. The compound is
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then removed from the ferrite’s surface by the tape, the phenomenon identified being
abrasive wear. Since a fresh surface is exposed the process is repeating, leading to a
higher wear of the magnetic poles. Hence, the formation of the FeOOH can explain
higher wear rates of the heads seen at higher humidities. Also the increased rate at
which the iron oxyhidroxide is forming towards higher humidities can account for the

lack of stains at these environmental conditions.

Based on these experiments, and taking into account the possible degradation
channels of the polymer binder of the magnetic tapes, a model of stain formation,
evolution was developed. The model successfully explains the role and rate of each
phenomenon affecting both magnetic media and the magnetic head in formation,
evolution and destruction of the stains upon different environmental conditions, as
well as variations of the wear rate of the magnetic head upon humidity. Although the
model was elaborated for MP tapes and magnetic heads based on ferrite poles, it can
be extended and explain similar phenomena encountered on other types of magnetic

tapes and heads.
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8 Further Work

There are several experiments during the research programme that, due to

technical difficulties encountered, could not be performed at full extend.

Further experiments will consist in measuring the variation of the surface
energy with the humidity and temperature for both the head and tape. The surface
energy experiments may offer valuable hints about the van der Walls forces at the

interface ferrite tape under various environmental conditions.

The remaining work will be focussing on studying the wear rate upon different
factors such as humidity, amount of water and eventually temperature on DDS-4
heads used in conjunction with DDS-4 tapes. Difficulties have to be overcome since
by using different head materials and improved tapes, the manufacturers reduced
dramatically the wear rate of the heads. Despite the fact that the experiments
performed during the research were done wit an increased number of tape cycles, the
extremely low wear rate made the measurements inconclusive and affected by large
errors. Therefore, the mtcl scripts and the design of the experiments are to be
modified and tested in the future in order to further accelerate the wear of the heads
hence reducing the error of measuring it. Equally important, the design of the
experiment should take into account that the time period needed for the experiment to
finish shouldn’t increase too much. The wear experiments will use most probably the
indentation technique in order to allow comparison between DDS-3 and DDS-4

drives, between two different technologies of making magnetic heads.

Stain simulation experiments are also to be taken into account but this time,
the ferrite samples should be designed with the typical curvatures the usual magnetic
heads have, hence eliminating the need of biasing the tape. The XPS analysis should

be repeated to see if the polymeric binder is present within the stains.
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The theoretical model regarding the amount of stain generated and the height
of the stains upon environmental condition needs to be tested to verify the accuracy of

the model proposed.
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8.3 Addenda - resolving eq. 5-8

We need to resolve the equation:

'\]\/ ~2 E 1
N =D 2 yv. Nz |
ot oz° 15)

with the initial condition: N(z, 0) = Ny(z) and conditions at the limit:

N(O, )= 0
N(zo, t)=H1)

We can define a new function p(z, t) so that: (N-p)(0,1) =0 and (N-p)(zy, 1) =0. One

such function can be of the form of: p(z, /)=—Z—‘P(l)

Zy

By substituting w=N-p the equation becomes:

ow 8w ow 1% z
—(z,0) =D z,0)+v, —(z,) + —=Y()——Y¥'(1
a[( ) azz( ) aZ( ) . () - )
w(z,0) = N, (2) ~—¥(0) ka2
Z9
w(0,1) =w(z,,1)=0
Given the fact that the above equation is linear, the solution w has to be in the the
form of:
W(z, 1) = wo(z, t) + wy(z, 1)
where wy(z, 1) is the solution of the equation:
ow, 27w, ow,
z,0y =D z,1)+v, —(z,1
ot (2.1) oz’ (2.0) Oz (z.1)
1, (2,0) = N, (2) = —¥(0) Eq3

Zy

w, (0,1) =wy(z,,1) =0

and w, verifies the equation:




ow o'w ow V. z
e GRS dOEEat 40
Oz~ Oz z, Z,

W, (z,0)=0 Eq 4
w,(0,1)=w, (z,,1)=0

In order to resolve the equation 3, one has to find solutions of the form of

1;/(2, 0 =u(z)v(r)

u(zy'(t) = Du" (z)v(t) + v, u'(z)v(t) and by dividing by u(z)v(t), we find:

v'(1) _D u"(z) iy u'(z) _ 2 Eq5
v(t) u(z) " u(z)

Hence, the above equation can be written:

Vi()y=Av()=0 Eq 6
Du"(z)+v,u'(z)—Au(z) =0

Based on the limit conditions, we have:

u(0)v(r) =u(zy)v(t) =0
Since v # 0 then, u(0) =u(z,) =0,

Du"(z)+v,u'(z)—Au(z) =0 Eq 7
u(0)=u(z,)=0
u#0

The above equation is linear, therefore the solution can be found by resolving the
characteristic equation:

Dy’ +v,y—4=0 Eq 8

The only solutions that verify the initial conditions are:

v. A=V, +42D) Eq9

Yi2 =™ — 1

- 2D 2D




and the general solution is:

-t A= (I +4AD . A= +4AD
u(z)=e ** [C, COS(T z)+C, Sm(—zb-— z)]

) A= 44D
Since u(0)=u(zy)=0, we can find: C;=0 and C, sin(————

2D

J-(v2 +4iD z
C, # 0, then sin(——(m‘— V!

z, =0,and more, A =4, =-

2D 4D

’
VS _
u,(z)=a,e * sin(—-) and similarly, v, ({) = S,e*'
Z
<0

We find:
- L
w(z,l)=a,B.e P sin(—)

Zy
and

d It nnz
— "D g
wo(z, 1) = Z}/”e sin(—)
n=l Z()
Finally, we find:

No(2)==W(0) = Y p,e 2 sin("2)

2y n=1 Z,

Hence, in eq 12 one must choose:

P j[/vo (z)- i‘l’(O)}eﬁ sin 2= dz

Zy ¢ Zy Zy

The solution of the eq 4 is in the form of:

£

L onmz
wp(z,t)zZnn(t)e b sm(~—~z );

n=} 0

Eq 10

z, =0. Since

222
nr D

2

Zy

Eq 11

Eq 12

2q I3

Eq 14

Taking into account that the solution must verify eq 4, we find the following equation

forn:



2 7 7

2 o Yz z 1712 : ; .
7, :b*n )n,,(r)—"lf Dt—“f’(f)—;kll'(’)}*“(ﬁz)dz Eq 15
0 “0

2
Zy Zy Z

7,(0)=0

and since w _(0,1) =w_(z,,1) = 0, we calculate:

77,,(!)=3£' NG S ’”p ‘I’(s)——‘l"(s)}sm(——)dzds Eq 16

=0 0 0

Putting together all the solutions, we find:

0 n=|

N(z, ’)*““qj(/)+{2(77,,(/)+;/,,e} Nsin 2 }2_"7
Zy

with:

i V2 aip?
! 4D z;

Eq 17

2
JontaiD
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() =~ L L ()

0

Ly (.s)}sm(w——)dzds

0 0

[N]
& \N

j{NO(z) —m‘If(O)J)Z” sin % 4z

Z()

The above solution is the general solution of the eq. 5-8. However, given the initial
conditions, it can be approximated as:
]
Je Eq 18

0

N(Z’[):iqj(’)*{zwk([)+7;{C’}'U .
k=1

Zy

and » can be chosen so the approximation error is below a certain threshold.






