







































































































































































































































































































































































































































































































































































































































































characterized on an instrunent called Brabender
Absorpti-Corder (see literature).

The mai n val ue of this measurement is todocunent
t he adsor pti on reproduci bil ity of powder naterial from
different production tineand manufacturersin order to
control theconsistency of tapeformulation. Results are
reported in m /100 gm of powder wthan estinate error
of procedure at least 2 ni.
Figure 8. Typical Brabender Absorption

Curve

Dry Powder i Li qui d

®
Transition Point-

m (al)
Ref er ence:

T. K Hay, J. Paint Technol ogy 46 (591) 44 (1974).
Brabender Literature.

Oientation Ratio

Qientationratioisa measure of the ani sotropy of the
remanent nagnetic induction. When acicular, single
domai n particles areincorporated in amnmagnetic coating,
the |l ong axes of theparticles areusuallyoriented in a
preferred direction. The remanent flux densityin this
direction, Br (paralel), is then highconpared to that
found in the pl ane of the coating but perpendi cul ar tothe
preferred direction. Qientationratiois Br (paralel)

di vi ded by Br (perpendi cul ar).

A highly oriented tape or disc exhibits increased
si gnal / noi se and decr eased cross-tal k bet ween adj acent
tracks. The inproved signal /noiseis directlyrelated
tothe higher Br (parallel). Lesscross-talkresuts
fromreduced recording, ie |owBr (perpendicular), on
adj acent tracks fromthefringing fidd of therecording
head. H ghly oriented nagnetic medi a results froma
conbi nati on of | ong, dendrite-free particles which have
been vel | di spersed and optinal |y al i gned.

Qientationratiocan be neasured oneither avibrating
sanpl e magnet oneter or aB-Hneter. The sanpl e shape
nust be such that the denmagneti zing fiddis negligible.
In highlyoriented medi a, Br has asharp m ni mumin the
per pendi cul ar direction. By measuring Br asafunction
of anglethis perpendicul ar is precisely deternined.

Hghorientation ratio in tapes made fromacicul ar
particles general |y al so have hi gh squar enessand narr ow
switching fidd distributions. See these sections for
addi tional infornation.

pH and Sol uble Salts

These paraneters represent theacidity or basicity
(pH) of theaqueous | eachate froma powder and the
percent solids dissolved in the |l eachate (sol ubl e salts).
The aqueous pH of afinished magnetic particle is
prinarily determ ned by the process conditions. The

sol ubl e salts val ue is aneasur e of the effectiveness of the

find washi ng stepsin productionand is inportant,
because hi gh val ues can cause formil ation and stability
probl ens. Thisinformation may not pertaindrectly to
non- aqueous syst ens.

A powder to water ratio of 19 by wei ght is used. The
pHis neasured directly on the supernatant | eachate
after preparation ( ASTM Desi gnation: D2448-73, part
7.2.1) and the sol ubl esats are measured as t he wei ght
percent of dissolved solids after filtration, washi ng and
evapor at i on.

Pore Vol unme

Di stribution Analysis

Porosity in particulate naterial s may be dividedinto
t wo maj or categori es:

1 Intraparticle porosity: pores resultingfromcracks
and fissures within particles.

2. Interparticle porosity: pores present between
particles in aggregat es and aggl orer at es.

The size distribution of intraparticle pores has a direct
bearing on the "effective" surface areatobe satisfied by
resinin formul ation devel opment. The size distribution
of interparticle poresis aneasure of the degree of
aggregati on and aggl oner ati on, whi ch nmust be reduced
by mlling of theformulation. The two categories of
porosity are anal yzed by different techni ques, as
descri bed bel ow.

Intraparticle porosity is measured by a gas adsorption
techni que simlar to that used in the measur ement of
specificsurface area. An adsorption isothermis deter-
m ned, and the vol unme of gas adsorbed at a specific
pressureis used to cal cul atethe pore radius fromthe
Kel vin equation, which relates the pressure at which a
pore wll fill withcondensing liquidtothe radius of
the pore.

Interparticle porosity is measured by the met hod of
Mer cury Porosinetry, in which mercury is forced or
i ntruded into the pores under gradual |y i ncreasi ng
pressure. The radius of poreswhich can befilled a a
specific pressureis given by the Washbur n equation. This
relation, coupled wththevol une of mercury intruded
as afunction of pressure, yields thesize distribution.
Figure 9. Particle Porosity
Intra-particle Porosity

Inter-particle Porosity

Ref er ence:

S J Geggand KSWS --a e 7 e
Porosity". Academic Press N * ' *2-



Powder Coercivity, Hc

Powder coercivity or coercive force is the magnetizing
field which reduces the maximum magnetic induction
to zero. This reduction occurs through reversal and
rotation of the particle magnetizations. A less quoted
coercivity, remanent coercivity, H., is the magnetizing
field that must be applied to reduce the maximum
magnetic induction to zerg in zero applied field. Here
the reduction is due only to reversal of magnetizations.
The table below gives the coercivity of common
recording materials.

Coercivity of Recording Materials
Powder He
y-Fe, 0, 280-420 Oe
Fe;O4 120-450
Cobalt Doped Iron Oxides 450-800
Iron Particles B800-2200
Cro, 450-650

External factors affecting powder coercivity are
packing fraction and temperature, Packing fraclion is the
ratic of the bulk density of the sample to the particle
density. The coercivity of many recording particles
decreases when they are packed close together {higher
packing fraction} due to increased interactions.
Temperature is important if the sample is near the Curie
point or if magnetocrystalline anisotropy contributes
significantly to coercivity.

Particle manufacturers broadly exercise control over
Hc with three factors: size, shape, and doping element.
The size of recording particles is normaliy chosen to
achieve 4 single magnetic domain. Experimentally the
acicuiar y-Fe,0; particles used in the recording industry
have a maximum in coercivity for particle lengths
between 0.2 and 0.5 micrameters. Since the acicular,
lengtn to width, ratio of y-Fe,;0; particles is usually fairly
constant, this maximum in coercivity may be related to
particle width as much as to length.

Decreasing the volume of a typical y-Fe,0O; recording
particte by roughly 1000 puts itin the superparamagnetic
region. Thermal agitation is sufficient to randomize the
direction of the magnetization and make the coercivity
very small or zero. In the other direction, particies with
1000 times more volurne would be multidomain with He's
down by a factor of 2 10 3. Figure 10 shows these three
regions using particle length as a parameter.

Actcular particles are predominantly used in the
recording industry, They provide a uniaxial anisotropy,
i.e., a single easy axis of magnetization through the
magnetostatic energy. This energy is a minimum when
the magnetic north and south poles are at the opposite
ends of the particle. Thus each particle has two memaery
states determined by a north-south or a south-north
pote configuration.

Increasing the acicular ratio in y-Fe,0; to further
separate the magnetic poles has a practical benefit limit.
The added gain in He achieved by increasing the
acicularity ratio above 6:1 is relatively small. For much
larger coercivities one must turn to doping or different
materials like iron or chromium dioxide.

A doping element, typically cobalt, affects coercivity
through changes in the surface of the particle or through
increased magnetocrystalline energy in the core of the
particie. Because the magnetocrystalline energy is so
temperature dependent this can result in problents.
However, surface doping gives an equivalent Hc with
improved stability. Other advantages with surfacedoping
include improved switching field distribution, orienta-
tion ratio, magnetic squareness and print-through.

An internal factor affecting coercivity is the mode of
ravarsal. The majority of single domain particles reverse
their magnetic poles by incoherent rotation. That is,
during reversal the magnetization of the particle does not
rotate unifarmly as a single vector. Particular incoherent
maodes are chain-ot-spheres, buckling, and curling.
Figure 11 illustrates the modes of reversal discussed.
Sites such as pores, sharp corners, etc., may be
important in determining the magnetizing field that
nucleates reversal.

Coercivity can be measured on either a VSM or 8H
meter, but coercivity requires a VSM. The hysteresis loop
must ba technically saturated. That is, the maximum
applied magnetizing field must be sufficient to complete
ali irreversible processes, For single domain particlesthis
will normailly be approximately three-and-one-halftimes

the coercivity. -
When the coercivity is measured, the average

magnetic induction is zero. Therefore, sample shape or
demagnetizing fieids have little or no effect. Random
particle dwrections are assumed so there is no dependence
of coergivity on sample orientation.

In recording particles the magnitude of the nucleating
tield for magnetization reversal has a small statistical
component due to thethermal "k T"energy. Therefore, the
more slowly the applied field approaches the coercivity,
the smaller that coercivity is. Although thermal energy
makes the coercivity zero in superparamagnetic
particles, it only has a small effect in the larger
recording particles.

Figure 10. Coercivity Trend for the Three
Magnetic Regions.
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Figure 11. Magnetization Reversal Modes
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Remanent Magnetic

Induction on Tape, Br

Remanent magnetic induction is the induction that
remains after a saturated magnetizing field is reduced to
zere. To get the true remanence it is important that not
only the applied field be zero but that the demagnretizing
field trom the sample also be smail. Long thin sarnples
have low demagnetizing fields.

The technical name for this induction is maximum
remanent induction or equivalently, maximum remanent
flux density. If a saturating field is not applied, all
irreversible processes will not be completed and the
maximum remanence does not occur. Of course setting
a variable remanence is the starting point for
anatog recording.

In most recorders the playback head picks-up
changes in the remanent magnetic flux fringing from the
tape. The recorder through equatization converts these
changes back into the originai signal. The piayback heag
"sees” a particular volume in the tape as shown inFigure 12.
The higher the remanent induction that can be packed
into that volume, the larger the recorded signal can be.
This larger signal is picked up by the playback head and
ultimately translated into an enhanced signal-to-noise,
ratio. improved signal to noise can aiso be achieved by
enlarging the vglume “seen” by the head by increasing
track width, coating thickness, or tape speed.

Two common techniques raise the remanentinduction
in tape. The amount of magnetic material per unit volume
in the coating can be increased subject to limitations
imposed by the binder system. The other technigue

is to align all the acicular single domain particles
neariy parallel.

In a tape with aligned particlesthe maximum remanent
induction will now be a function of angle. I no angle is
spacified the remanent is along the aligned direction.
For more measurement details, see the Orientation
Ratio section.

Figure 12. Tape Remanent Induction
in Playback Head
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The fringing field is picked-up by the playback head.
Changes in the number and direction of flux lines that
thread the coil induce an EMF in the coil. The recorder
converts this induced voltage through proper equalization
back into the signal.

The wavelength of the recorded signal is controlled by
the distance between flux reversals. One waveiength
requires two flux reversais, Higher flux density increases
the signal amplitude.

Longer wavelengths allow the tield to fringe farther
from the tape. Thus a given head to tape separation
causes a smaller decrease in output for long wavelength
signals than for short ones.

Scanning Electron
Microscopy,
Microchemical Analysis

For magnetic materials, Scanning Electron
Microscopy (SEM) is primarily used for the cbservation
of the degree of the surface roughness and porosity of
tape coatings and the degree of agglomeration of the
particles within the coatings. The Cambridge Model
$4-10 is capable of producing magnifications up to
100,000X with a resolution of 70 A,

Microchemical Analysis is performed with an x-ray
energy dispersive detector inside the SEM celumn. The
Kevex Model 5100 X-Ray Energy Spectrometeriscapable
of determining the elemental composition {Z > 10) of
the sample. The gdistribution of these elements across
the surface or cross section of a sample may also
be examined.

Reference:

Goldstein, et al, "Practical Scanning Electron Microscopy”,
Plenum, N.Y., 1977.



Figure 13. Uncalendered Magnetic Tape
Surtace (SEM)
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Specific Surface Area

The specific surface area of a particulate materiai is
the total surface area of that material, on a unit weight
basis. 11s units are m?/g. It is measured by nitrogen gas
adsorption, at liquid nitrogen temperature, using the BET
theory of multilayer adsorplion.

The BET theory, named afterits developers, Brunauer,
Emmett and Teller, extends the Langmuir theory to
mutitayer adsorption. 1t assumes that all surface
adsorption sites are of the same energy, and examines
the interaction between adsorbed layers. The resultisa
theory which relates the amount of adsorbed gas at
any gas pressure to the adsorption site energy, and the
amount of gas required to form one mongolayer. This
monolaver capacity is the vatue utilized to calculate
surface area.

Using the density of liquid nitrogen, one can calculate
the area occupied by one molecule of nitrogen adsorbed
onto a surface. The accepted size is 16.2 angstroms.

An adsorption isotherm, which is a plot of the volume of

- nitrogen gas adsorbed by the sample vs. nitrogen gas

pressure, is thendetermined, The BET monolayervolume
corresponds to a specific number of adsorbed molecutes.
Multiplying this value by the area per molecule yields the
total surface area, which is then divided by the sample
weight to give specific surface area. Included in this vaiue
is the surface area in any pores or crevices which may
be penetrated by the nitrogen molecules.

Specific surface area determined by this method isan
indirect and approximate measure of particie size.
However, it rapresents the maximum surface which must
be satisfied by resin, dispersant, etc., in formulation
preparation, Because resin molecuies are larger than N,
molecules, and therefore may not penetrate the finest
pores in a particle, the "effective” surface area in any
tormulation will be less than the specific surface area
measurad by nitrogen adsorption.

Reference:

S. J. Grege and K. S§. W. Sing, "Adsorption, Surface Area and
Porosity”, Academic Press. N.Y., 1967.

Switching Field
Distribution, SFD

Switching field distribution is the measured variation
in particle coercivities of a sample. This variationis due
to the instrinsic (non-interacting) spread in particle
coercivities and the spread of magnetic interactions
among the particles, With a BH meler the switching field
distribution is defined t¢ be the width at half-height of
the differentiated hysteresis loop divided by coercivity.
Figure 15 shows a differentiated hysteresis logp of typicai
Pfarrox 2228-HC with a SFD of 0.22.

A narrower switching field distribution on tape
reduces the distortion at high record levels, i.e., the linear
recording range is extended.

In addition a small SFD gives a well defined recording
zone (Figure 16) tor the record head of a tape recorder. A
narrow SFD oxide ailows few low coercivity particles just
cutside the recording zone to be recorded by the signal
being applied to the recording zone, Concurrently all but
the highest coercivity particles within the recording zone
are magnetized to give the desired signal. Overall then



more output can be achieved at short wavelengths if
narrow SFO oxides are used in recording tape. Of course
wa assume that the tape He is high encugh to prevent
significant self-demagnetization of the signal.

Figure 15. Differentiated Hysteresis Loop
of Plerrox 2228Hc. (Only Half Shown.)
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The dl(ection of magnetization of the particles within the
r_ecordlng bubbie follows the cyclical magnetizing (bias)
fre_ld from the record head. Along the trailing edge of
this bubbie is the recording zone. The particles in this
zone are recorded (directionally magnetized) and then

lelave‘the recording bubble before the next cycle of the
bias field.

Tape Coercivity, He

Tape coercivity is the magnetizing field needed to
reduce the maximum magnetic induction to zero.
Because a tag = can have aligned particles, the coercivity
is now more than just a function of packing density and
temperature. The amount of alignment and the direction
of measurement relative to the aligned direction
alfect coercivity..

Coercivity inhibits erasure of the signal caused by
stray magnetic fields in the environment and by the self-
demagnetizing field of the signai. The demagnetizing
field becomes larger as the wavelengths of the signal
become shorter and the signal amplitude increases.
Thus in high density recording {saturated, short
wavelength signals) high coercivity particles
become desirable.

Optimur bias level depends predominantty on tape
coercivity, Less important tape factors affecting the bias
include coating thickness and remanent induction,
Figure 17 demonstrates the linear relationship between
bias current and tape Hc. Remanent coercivity, He, is a
more accurate but less convenient measure of bias field
needed during recording. This coercivity is definedin the
Powder Coercivity Section.

Bias directly affects aucio frequency response and
distortion level. Since maximum output at low and high
frequencies do not occuratthesame bias level, atrade-off
is necessary.

For instance the tapes used in Figure 17 had the bias
currant set to get maximum low frequency output. This
bias level or a siightly higher one generally gives the least
gdistortion, and good low freguency response. The
trade-off is decreased hign ‘requency ocutput. Lowering
the bias results in the opposite effect, i.e., improved -
high frequency output but worse distorticn and low
frequency sensitivity, ~

Figure 17. Bias Current as a Function of

Tape Coercivity for a Variety of Tapes Made
from -Fe,0; and Cobalt Doped Iron Oxide.
All Tapes have Constant Coating Thickness.
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Thermal Analysis

Thermal analysis is a general term encompassing
several techniques. Thermogravimetric analysis (TGA)
and Differential Thermal Analysis {DTA) are the two
most common techniques. TGA records the change of
sample mass and DTA records the endothermic or
excthermic enthalpic changes of the sample, both asa
function of temperature. Using a Mettler Model TA-1
Thermal Analyzer these two techniques are
performed simultaneously.

The simultaneous data produced allows the detection
of phase changes (fusion, crystal structure inversions,
boiling, sublimation} and reactions (dehydration,
decompaoasition, oxidation, reduction, combination). The
study of these reactions provides information relating to
product stability, identification, and quantitative
composition. The first example pattern shows the
stability test of a metal iron particle sampie after
passivation. The instrument is also used as an extremely
versatile miniature kiln whose parameters can be pre-
cisely set and monitored. Sufficient samples can be
prepared under closely controlled conditions for
subsequent analysis {e.g., powder magnetic properties
via VSM, microscopic examination, chemical analysis
and phase identification). The second example pattern
shows the dehydration, reduction and oxidation steps far
the synthesis of a maghemite sample.

Figure 18. Temperature Stability Test

M| &ir
iy
Pussivated Plerromet
PPP-143

Sample Weight = 57 mg
Ingihermal @ 1%0° C

Samphe Temperature
- 185

Mezimum Rate of Welght Gain
0.691%min,
(Yewl. gain @maz T 14)

10 pin.

1.0mg.

TGA

16,15

DTA

Sample Temperature
- 150 C

Figure 19. Synthesis of a Maghemite
Powder
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References:
Wendlandt, “Thermal Methods of Analysis”, Wiley, N.Y,, 1974,
Daniels, “Thermal Analysis”, Wiley, N.Y., 1973,

Gair, "Thermo-Analyticai Methods of Investigation”,
Academic Press, N.Y., 1965.

Transmission Electron
Microscopy

Transmission Electron Microscopy (TEM) is primarily
used for the observation of the size, shape, regularity,
porosity and contamination of fine particles such as
magnetic powders. The JEQL Model 100-S TEM is
capable of 3.4 A resolution and can produce micrographs
at magnifications up to 600,000X. When used in
conjunction with image analysis (see aiso "Image
Analysis") it is a powerful tool for quantitative physical
measurements, in fact, itis the most reliable technique for
size and shape measurements of magnetic particles (see
also “LUitramicrotomy™),

Identification of the crystalline phase{s) of a single
particle is also possible via electron diffraction analysis.

L

Figure 20. Electron Micrograph of 9 Fe20:
(Pferrox® 2228) '
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Figure 21. Transmission Electron
Microscope Schematic
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Reference.

Thomas and Goringe, " Transmission Electron Microscopy of
Gamma Materials”, Wiley, N.Y., 1979

Ultramicrotomy

Ultra-thin sectioning of particle-containing materials
permits in-situ microscopic examination. Sections cut
appraximately 600-900 angstroms allow an electron
beam to pass, making Transmission Electron Microscopy
studies possible.

In order to perform ultramicrotomy on a specimen, it
must first be embedded in an epoxy medium to provide
sufficient rigidity for sectioning. The sampleis positioned
in the epoxy motd in a way that will be in the desired
crientation when cut. Once the epoxy is cured, the face of
the block is trimmed to form a small trapezoid using a
glass knife. A diamond knife is then used with the
ultramicrotome to cut ribbons of ultra-thin sections onto
a watar bath. These sections are then retrieved ona
formvar-carbon coated copper grid and are viewed witha
transmission electren micrescope.

The ultramicrotorne used in our laboratory is an
LKB 8800 Ultramicrotome ll1. Magnetic recording tapes
have been sectioned o thisand photographedin orderto
determine such parameters as particie size, shape and
dispersion. Other aspects of the tape as a whole may aiso
be observed such as the thickness of the tape coating,
its adhesion to the mylar base, the arientation of the
particles and the smoothness of its surtace, All these
characteristics are related to the performance of the tape
sample. Metallic oxide coatings, metallic particle
coatings and chemical vapor deposition magnetic tapes
have been successfully studied with this technique.

Figure 22. Cross Sections of Magnetic
Tape at Two Magnifications
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References:

Norma Reid, Ultramicrotomy: Practical Methods in Electron
Microscopy, American Elsevier Publishing Co., NIY ., 1975, A
discussion of ultramicrotomy technigues for a wide variety
of specimen types.

Cecil £. Hall, Introduction to Electron Microscopy. pp. 337-
347 McGraw HillBook Co., Inc., N.Y., 1966.

V. A, Phillips, “The Use of the Diarmond Knife Ultramicrotome
in Light and Electron Microscopy an Metals”, Praktische
Metallographie, Vol. 4, 1967, pp. 637-847. Describes the
application of ultramicrotorny to vanous types of metals in
both technigue and results.
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X-Ray Diffraction Analysis

When a beam of moncchromatic x-rays strikes the
flat surface of a powder sample a diffracted beam will
result for every plane (hkl) of the crystal lattice according
to the Bragg equation:

nA=2dSin#
where:

n = an integer representing the arder of the reflection.
A =the wavelength of the x-rays in angstroms.

d =the interplaner spacing for {hKl}in angstroms.

§ =the angie of incidence = the angle of reflection,

. Since every crystaiitne material gives a unique x-ray
diffraction pattern, comparable with a fingerprint,
x-ray diffraction analysis offers a powerful means of
qualitative identification. Comparison with diffraction
patterns of mixtures of known compaosition can also
provide semi-quantitative data, such as percent
hematite in maghemite.

Cther examples of the uses of powder x-raydiffraction

analysis inciude:

the determination of crystailine size

the determination of crystailinity

the determination of lattice defects

and the accurate determination of lattice parameters.
References.

Klug and Alexander, "X-Ray Diffraction Procedures”, Wiley.
N.Y., 1974,

Kaelble, "Handbook of X-Rays”, McGraw-Hill, NY., 1967,
Compton and Adison. “X-Rays in Theory and Experiment”,
D. vanNostrang, Princeton, N.J., 1967.

Figure 23. X-Ray Diffraction Pattern ot
0 Fe203 with o< Fe:O1 Impurity

Figure 24. Schematic of X-Ray
Diffractometer
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Figure 25. Schematic of Diffraction Process
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