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ABSTRACT 

The dispersion quality of magnetic inks made from iron based metal particles 

and cobalt modified iron oxide particles has been investigated using a magnetic 

probing technique known as DIMAG (Dispersion by MAGnetic measurement). 

Di(2-ethyl hexyl) phosphoric acid is used as a model dispersant while a vinyl acetate

vinyl chloride copolymer that combined the functionality of a dispersant and a binder 

is used as a wetting binder. A comparison of the DCON values measured at 

different binder levels to the tape characteristics shows that dispersions with large 

negative DCON signals result in good quality tapes. 

To study the degradation of magnetic particles, the interaction of water vapor 

with iron based metal particles was measured under different temperature and 

humidity conditions using a flow microcalorimetric (FMC) technique. Water uptake 

by iron based metal particles increased linearly with relative humidity ranging from 

30% to 70% RH in the temperature range 30°C to 70°C. Mossbauer measurements 

showed that the ratio of core iron to oxide iron decreased during aging. Particles 

coated with hydrophobic PVC exhibited much less water uptake than particles coated 

with a less hydrophobic polymer, poly(vinyl alcohol). 

A computational investigation using the method of molecular dynamics was 

also undertaken to characterize the state of magnetic particle dispersions. The 
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simulations revealed that the microstructure of the spherical particulate dispersions 

consists of chain-like clusters resulting from magnetic dipole alignment. Acicular 

particles formed clusters such as dimers, chains and rings. The effect of fluid 

viscosity on the dispersion quality and the response of the magnetic dispersions to an 

external DC magnetic field are also reported. 



CHAPTER 1 

INTRODUCTION 

17 

Dispersions of magnetic particles in non-aqueous solvents are of technological 

importance in the production of diverse products such as magnetic seals, magnetic 

inks for recording media and fluids for densimetric separation. Some of these 

products use extremely fine particles which are superparamagnetic in nature, i.e., 

these particles have no permanent (or remanent) magnetic moment. Dispersions of 

superparamagnetic particles will not be addressed in this dissertation. The magnetic 

inks used in the production of audio, video and computer tapes rely on single domain 

particles with high remanence. These inks are prepared by milling the single domain 

particles in a non-aqueous medium containing suitable dispersants, binders and other 

additives. The chemistry of the dispersion medium must be tailored to minimize the 

formation of magnetic agglomerates; otherwise the signal to noise ratio in the final 

tape product will be poor. Dispersion quality and tape properties are intimately 

related and hence techniques to detect the presence of magnetic agglomerates in the 

inks can be of importance to the production of high fidelity tape products. 

A magnetic probing method known as DIMAG (DIspersion by MAGnetic 

measurement) has been claimed to be successful in identifying the presence of single 

particles, doublets and agglomerates in y-Fe203 based magnetic inks (1,2). This 
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dissertation discusses the results of the work carried out to characterize the 

dispersion quality of metal particle inks and cobalt modified iron oxide particle inks 

by the DIMAG technique and its relation to the magnetic characteristics of the tapes. 

As the storage density requirements for recording media continue to increase, 

the industry has been investigating the use of particles based on iron and iron nickel 

alloys which have high coercivities and magnetic moments. Typically, these particles 

have a passive surface layer to protect them against oxidation in air. The passive 

oxide layer on iron particles has been found to consist of either Fe30 4, y-Fe20 3, or 

a mixture of the two (3,4). However, studies have shown that the iron-based metal 

particles exhibit continued oxidation! corrosion upon exposure to high temperature 

and humidity conditions (5,6). Since the stability of iron-based metal particles is 

directly related to data integrity, it is important to understand the behavior and 

kinetics of degradation of these particles. 

In this dissertation, results from a fundamental investigation undertaken to 

measure the water uptake of passivated iron particles using the technique of flow 

microcalorimetry (FMC) are reported. Since the polymeric binder matrix plays an 

important role in the degradation of magnetic tapes (7), the effect of the chemical 

nature of the binder on water uptake by particles was also investigated. The nature 

of the oxide layer on particles before and after aging (T-H test) was characterized 

using Mossbauer spectroscopy. 
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The dispersion quality and stability of magnetic particle dispersions (magnetic 

inks) is controlled by the balance between attractive and repulsive forces between 

particles in a dispersion medium of a specific chemistry. The classical energy of 

interaction-distance plots found in colloid chemical literature are useful in predicting 

whether a dispersion is stable or not but do not yield information on the dispersion 

quality (i.e. presence of magnetic agglomerates), especially as a function of time. 

One computational method which can yield information on the dispersion quality of 

a magnetic particulate dispersion is molecular dynamics (MD). In this method, the 

state of a system of interacting particles is simulated by solving the classical equations 

governing the motion of each individual particle. The preliminary results of 

dynamical behavior of dispersions of magnetic particles using the MD method will 

also be presented in this dissertation. 



CHAPTER 2 

BACKGROUND 
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Suspensions of magnetic particles are inherently unstable due to very strong 

magnetic attractive forces between particles. Dispersion quality and stability can be 

enhanced only through proper dispersion techniques and through a judicious choice 

of surfactants and binders. As the storage density requirements for recording media 

continue to increase, the dispersion quality becomes a more and more critical factor. 

This is especially true with new generation particles which are very small and have 

a high coercivity and magnetic moment. 

2.1 Interaction Forces in Dispersions 

The magnetic particles used for recording purposes are submicron in size and 

therefore in the colloidal size regime. The stability of a dispersion of these particles 

in a liquid medium is affected by the nature and magnitude of interaction forces 

between particles. These forces are: (i) van der Waals (attractive), (ii) magnetic 

(attractive), (iii) electrostatic (repulsive) and (iv) steric (repulsive). 

Colloidal particles usually exert long range attraction upon one another due 

to van der Waals forces (1). Van der Waals (VDW) forces between macroscopic 
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particles are a summation of London, Debye, and Keesom forces of molecular origin 

(2,3). Expressions for the VDW energy of interaction in vacuum between two 

cylindrical particles (e.g. Cr02) and between two platelike magnetic particles (e.g. 

barium ferrite) are given in Table 2-1. The liquid medium in which the particles are 

dispersed tends to modify this attractive energy, and this effect is taken into account 

by using an effective Hamaker constant, A212, where 2 refers to the particles 

separated by medium 1. This constant strongly depends on the nature of the liquid 

medium as well as that of the particle. Typical values of effective Hamaker constant 

lie in the range 10-21 to 10-19 J at 298 oK. The van der Waals attractive energy falls 

off with the 1.5 power of separation distance for cylindrical bodies, and with the 

square of separation distance for platelets. 

By virtue of their magnetic nature, a dispersion of magnetic particles 

experiences strong attractive forces. Expressions for the magnetic interaction energy 

between two cylindrical particles and between two plate-like particles (4) are given 

in Table 2-2. It can be seen that the magnetic energy is proportional to the square 

of the particle volume and magnetization and inversely proportional to the separation 

distance between two particles. The magnetic attractive energy can be minimized by 

choosing smaller particles with a lower magnetization (Ms) and keeping the 

interparticle distance (D) large. However, a reduction in Ms and an increase in D 

will result in a poor quality, low recording density tape. Hence, the more sensible 

strategy would be to use smaller particles. 



Table 2-1 

Van der Waals Interaction Energy Between Cylindrical 
and Platelike Magnetic Particles 

Van der Waals Interactions 

Cylindrical: 

¢ vow = -~ ( ~ rs 

( 1 - ~ + ( 2~ ) m ( ~ ) ) 
Platelets: 

A = Hamaker constant, L = length, b = radius, 1 = surface to surface 
separation, 0 = thickness 

22 



Cylindrical: 

Platelets: 

Table 2-2 

Magnetic Attractive Energy Between Cylindrical 
and Platelike Magnetic Particles 

Magnetic Interaction 

(MsV)2 
¢ = - (2 cos ex cos p - sin ex sin p) 

mag 41Tl-'oD3 

~ = Magnetization, V = Particle volume, 41Tl-'o = 1.58 x 10-5 HIm, D = 
Center to center separation, ex = angle formed by cylinder 1 with some 
reference, p = same for cylinder 2 
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One of the repulsive forces present in dispersions of colloidal particles is 

electrostatic in nature. Since like charges repel each another, it is an important 

component when discussing dispersion stability. Charges on particles may arise from 

many different sources, such as preferential adsorption of inorganic or surfactant 

ions, dissociation of surface groups and acid-base interactions with the dispersion 

medium (5). Regardless of how the surface charge is developed, its presence results 

in the formation of an electrical double layer. It is the interaction of the electrical 

double layers of individual particles which leads to electrostatic repulsion. 

For cylindrical (6) and platelike (7) particles, expressions for the potential 

energy of electrical double layer interaction (in Joules) as a function of interparticle 

separation are given in Table 2-3. It may be seen that the electrostatic energy of 

interaction is a function of surface potential (tiro) on the particle, double layer 

thickness (1/K) and certain physical constants of the liquid. The electrostatic 

repulsion energy decreases with increasing ionic strength of the liquid medium. 

Expressions for the electrostatic, magnetic and van der Waals interactions 

between magnetic spheres coated with a non-magnetic layer have been developed 

(8). Utilizing the DLVO theory, it has been shown that uncoated spheres of size 5 

nm or larger will not form a stable dispersion (8). The contribution of steric 

repulsion forces to dispersion stability was not considered in their analysis. 

Stabilization of dispersed colloids by steric repulsion is achieved when an 

adsorbed polymeric layer on the particle surface prevents the particles from 



Table 2-3 

Expressions for the Electrostatic Energy of Interaction 
Between Cylindrical and Platelike Magnetic Particles 

Electrostatic Repulsion 

Cylindrical: 

L 2" . 
It: EX:WO J ( 2 )-1 

«;Dcl = yo rr exp (x:X + x:D) + 1 dX 
o 

Platelets: 

64IlokTy 2 
«;Dcl = 0 exp(-lx:) 

x: 

L = length, b = radius, 1 = shortest distance between the surfaces of the 
cylindrical particles, D = distance between particle surfaces, E = dielectric 
constant, Wo = surface potential, x: = inverse double layer thickness, X = (D-
1)1/2, no = of ions per cc. 

[ zew 1 [ zew 1 Yo = exp __ 0 - 1 / exp __ 0 + 1 
. 2kT 2kT 
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flocculating. The best steric stabilizers are amphipathic in nature, having both 

hydrophilic and hydrophobic functionalities. In organic solvents of low dielectric 

constant, the hydrophilic portion of the polymer serves as an anchor for the molecule 

on (inorganic) particles as it is strongly adsorbed or chemically bound to the particle 

surface. The stabilization mechanism is due to the overlap of the unanchored part 

of the polymeric chains on particles. 

Many theoretical expressions are available for the calculation of steric 

repulsion energy between particles with adsorbed polymer layers (9,10). These 

expressions have been developed only for spherical particles. The most widely used 

expression (11) is given in Table 2-4. Calculation of repulsive interaction energy 

using this equation requires information on quantities such as volume concentration 

of polymer in the adsorbed layer, polymer density and adsorbed layer thickness which 

are difficult to measure accurately. It can be seen from the equation in the table 

that the repulsive energy is proportional to the square of the difference between the 

adsorbed layer thickness (6) and half the closest distance of separation between the 

particles (H/2). Most researchers have approximated this interaction energy as a 

"hard wall" repulsion; i.e. the repulsive energy is zero for H > 26 and is infinity for 

H ~ 26. 

The basic colloidal interactions that prevail in dispersions of magnetic 

particles in non-aqueous media have been reviewed (12,13). A potential energy 

diagram (14) which represents the total interaction energy for a colloidal system of 



Table 2-4 

Steric Repulsive Energy Between Two Spherical Particles 

Sterle Interaction 

AGM = Sterle repulsive energy, C = concentration of the polymer in the 
adsorbed layer, VI = molecular volume of solvent, Pz = density of the 
adsorbate, 1Vl = entropy parameter, leI = enthalpy parameter, 0 = adsor~ed 
layer thickness, H = closest distance of separation between particles. 
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magnetic particles is shown in Figure 2.1. For the dispersion to be stable, the sum 

total of the attractive and repulsive forces has to be positive (repulsive). It can be 

noted from Figure 2.1 that the magnetic attractive energy is several orders of 

magnitude higher than the electrostatic repulsive energy. When the steric repulsive 

energy comes into play at an interparticle distance less than or equal to 26, it should 

be able to overcome the strong magnetic attractive energy to provide stability against 

flocculation. Thus, in magnetic dispersions, the initial stabilization (before the 

addition of a binder) is probably electrostatic in nature since the dispersant 

compounds typically used do not afford substantial steric properties. Upon 

introduction of the binder, however, the stabilization mode probably switches to one 

that is steric in nature. 

Since magnetic and van der Waals attractive forces are dependent on particle 

size, improvements in dispersion quality and stability may be achieved by choosing 

very small particles as described earlier. The reduction in particle size will not only 

improve the dispersion stability but also improve the signal to noise performance of 

the media cast from such dispersions (15,16,17). However, there is a limit to particle 

size reduction since particles become superparamagnetic at a size below V p (critical 

volume) given by 

(1) 
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where t is the time period of observation (duration of measurement), fo (= 109 
S-I) 

is the Larmor frequency, Msh is the spontaneous magnetization, and Ha is the total 

anisotropy field. Calculations have shown that critical volume and critical particle 

diameter for superparamagnetic behavior are O.2xlO-4 J.l.m3 and 15 nm for y-Fe20 3, 

and 0.01xl0-4 J.l.m3 and 6 nm for metal particles, respectively. An alternate approach 

to improving stability of magnetic dispersions is to enhance steric and electrostatic 

repulsions. This can be achieved through suitable choice of dispersants and binders. 

2.2 Production of Magnetic Recording Media 

Two major techniques are used for the manufacture of magnetic recording 

media: "thin-film" and "particulate." Each creates a magnetizable layer on the 

surface of a non-magnetic support material. The support can be a thin plastic film 

(typically polyethylene terephthalate (PET» in tapes, a thicker plastic film for 

flexible ("floppy") disks, or an aluminum plate for rigid disks. The conventional 

procedure of manufacturing a particulate magnetic recording medium (Figure 2.2) 

starts with the dispersion of magnetic particles in a liquid medium consisting of 

solvent(s), dispersant(s) and binder(s), called the dispersion process. Lubricants (to 

assure good frictional properties of the finished medium), a cross-linker (to improve 

the mechanical strength of the final coated film), anti-static agents, and non-magnetic 

fillers are generally added before coating. 
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The magnetic ink is coated onto a web by several different methods. In 

flexible media, the dispersion is spread onto a moving strip of the support film by a 

rotating drum that carries a metered amount of the fluid or by a die that extrudes 

a continuous fluid curtain. If the intended product is a tape, then the still-wet 

coating passes through a magnetic field to obtain the magnetic orientation. If flexible 

disks are to be punched from the resulting coating, this orientation step is not used. 

In fact, a magnetic environment that usually randomizes the particle preferred axes 

is sometimes substituted because most magnetic particles are elongated and often 

acquire an orientation from fluid forces occurring in coating. However, rigid disks 

are coated individually by introducing the dispersion onto the rapidly spinning 

support material, and then subjected to circumferential orientation by being rotated 

past permanent magnets. After a tape coating has dried, it is usually subjected to 

pressure treating between rollers (calendaring) to achieve a smoother, denser surface 

before being slit into the desired width. Coatings intended to be punched into 

flexible disks are sometimes polished or burnished, as are rigid disks. 

After coating and orienting, the magnetic medium enters a drying oven, where 

all the solvents are evaporated leaving a coated web of storage medium. The 

magnetic particles usually constitute 20-50 percent of the dried coating volume. The 

typical dried coating thickness range from 0.25 /.Lm (rigid disk) to -12 /.Lm (audio 

tape). 
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2.3 Materials 

2.3.1 Magnetic Particles 

The magnetic particles used in the particulate magnetic recording media 

should satisfy some primary requirements. First, the retained (remanent) 

magnetization intensity of the tape or disk coating should be sufficiently high, since 

it determines the strength of the field sensed by the readback head. The retained 

intensity, or retentivity, depends on the intrinsic magnetization of the material in the 

coating and on the preferred directions of magnetization in this material. The 

second major requirement relates to the field strength needed to calise magnetic 

reversal of the material in the coating. This strength is generally characterized by 

the coercivity (He). The coercivity must not be so large as to prevent successful 

writing. On the other hand, it must be large enough for the material to resist 

unwanted changes or degradation of the signal during the required storage time. 

Therefore, coercivity requirements usually increase as the recording density 

decreases. 

As mentioned in §2.1, magnetic particles should be small enough to contain 

single domains. However, extremely small units exhibit superparamagnetic behavior 

and do not allow stable magnetization. 

Particles used in magnetic recording media are typically gamma iron oxide (y

Fe20 3), cobalt modified y-Fe20 3, chromium dioxide (erO.,), barium ferrite 

(BaFe12019) and iron based metallic particles. 
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2.3.1.1 Metallic Particles 

Iron based metal particles play an important role in the magnetic recording 

media because they are characterized by a very high magnetization (Ms = 120 

emu/gm, vs an Ms = 70 emu/gm of y-Fe20 3), and a high coercivity (He = 20000e, 

vs an He = 300-400 Oe of y-Fe203)' The disadvantage of this type of particle is the 

necessity of a surface layer for protection against the tendency to rapid oxidation. 

The oxidation of particle surfaces may reduce the average magnetization intensity of 

the particles to approximately one-half of the value for bulk iron, which is 

1700 emu/cm3. 

Many methods have been reported for the production of metal particles 

suitable for recording (18,19). One is the reduction of iron salts in solution by strong 

reducing agents (20). Another is condensation of vaporized metal using arbitrary 

alloy compositions (21). However, the only method chosen for commercial 

applications today is the reduction of acicular particles of oxides, oxalates, or 

oxyhydroxides by hydrogen (22). The reduction takes place in two steps: 

(2) 

(3) 
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After synthesis, the particles are typically exposed to a carefully controlled 

atmosphere of oxygen, nitrogen, or air and passivated at low pressure against 

oxidation. The resulting oxidized surface layer is typically 30-60 A thick and 

primarily consists of y-Fe20 3 and Fe30 4 (23,24). These oxides can be present as very 

small superparamagnetic crystals, which reduce the net magnetization of the surface 

layer. Antiferromagnetic compounds (a-Fe20 3, FeOOH) also can make up part of 

the layer. The technology of metal particle production involves a variety of additives 

and alloying elements such as Zn, Al and Si. While the exact details of the 

manufacture of metal particles still remain proprietary, the addition of zinc has been 

claimed for the purpose of protection from corrosion. Silica is a common agent used 

to prevent fusing (sintering) of the particles during the required heating processes. 

The aluminum addition is most likely in the form of an oxide or hydrous oxide and 

it is done during a post treatment for particles after their synthesis. 

Apart from the application in high-coercivity recording media, attempts have 

been made to use the higher saturation magnetization of metal particles in existing 

audio and video recording systems that are designed for coercivities between 560 and 

7500e. However, to get these low coercivities, the particle diameter, which controls 

Hc' and therefore the particle volume, becomes too large for reasonable noise values. 

In addition, the switching-field distribution (SFD) increases with decreasing Hc 

because of the less uniform magnetization reversal mode. So, a compromise solution 
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has evolved by keeping the particle dimensions constant and reducing the saturation 

magnetization. This is done by alloying with Ni or forming Fe4N. 

With the development of the metal-in-gap ferrite head that can provide the 

strong writing fields needed for metal particle media having coercivities in the area 

of 1500 Oe, metal particles have been successfully used in high-density recording 

media such as the rotating digital audio tape (R-DAT) and the 8-mm video tape. 

However, the high magnetization values of metal particles imply a somewhat strong 

magnetic attraction. Therefore, a suitable choice of dispersants and binders to 

disperse these particles is very important in the production of particulate magnetic 

recording media. 

2.3.1.2 Cobalt-Modified Iron Oxide Particles 

Cobalt-modified iron oxide particles are the predominant material for use in 

video tapes today. They are also used in some audio tapes and find application in 

tapes and disks for high-density digital recording. By adding cobalt to iron oxide 

particles, many of the practical benefits of the original oxides (e.g., modest cost, 

chemical stability) can be retained, and coercivities can be increased to a value in the 

range from 400 to well above 1000 Oe. 

The first commercially successful materials were acicular particles with cobalt 

deeply diffused in to the iron oxide particles (25). The enhancement of coercivity 

resulting from Co2
+ ions in the oxide lattice is mainly due to the magnetocrystalline 



37 

anisotropy which arises from the interaction of the electron structure of the cobalt 

ions with the crystal field in the octahedral (B-type) site of the cubic spinel structure 

of iron oxide (26,27). This interaction gives the electron spin a preferred direction, 

which depends upon the local geometry of the site. The exchange interaction couples 

the spins of the cobalt ions to those of the iron ions, and thus imparts an increased 

magnetocrystaIIine anisotropy to the oxide structure. Owing to the cubic symmetry 

of the oxide lattice, a particle having cobalt ions distributed at random over the 

available sites will have a number of preferred axes of magnetization. This multiaxial 

anisotropy causes the squareness ratio of the particles to be relatively high. 

However, these particles show strong temperature dependence of their magnetic 

properties. Little commercial use has been seen for y-Fe20 3 with Co ions diffused 

throughout the particle volume. 

Cobalt-doped iron oxide particles were improved by placing the cobalt on or 

near the surface of the oxide particles and these had better stability with respect to 

temperature and stress (28,29). In contrast to the cobalt-doped particles, these 

surface-doped iron oxide particles have a single preferred axis of magnetization like 

the oxide particles from which they are made. 

There are two types of processes in preparing the surface-doped (or cobalt

adsorbed) iron oxide particles. In both processes, the cobalt content in particles is 

3-6 percent by weight for typical applications. In the first process, oxide particles are 

suspended in an aqueous solution of C02+ ions. A base, e.g., NH40H or NaOH, is 
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added and the mixture is heated, but not to a temperature that appreciably diffuses 

the cobalt into the oxides (28,29). 

The second major surface doping process consists of adding both C02+ and 

Fe2+, usually in a ratio of about 1:2, to a suspension of y-Fe20 3 particles, raising the 

pH to alkaline levels, and heating (again, not enough to appreciably diffuse the 

cobalt) (30). A material whose composition is close to that of cobalt ferrite 

(CoFe204) is considered to grow on the surface, with a uniaxial anisotropy that 

reinforces that of the core particles (31,32). 

2.3.2 Binder 

The binder used in magnetic recording media should lend itself to a high 

volumetric packing fraction of the particles and, in combination with the particles as 

a filler, must have high flexibility, high elasticity, high wear resistance, and low 

friction on metal or plastic substrate surfaces. These partially contradictory 

requirements often make it necessary to use mixtures of compatible polymers and 

plasticizers. For instance, polymers with a lower molecular weight lead to smoother 

dispersions, with a higher volumetric packing fraction of the particles, but are less 

wear-resistant and show higher friction values. Thus, cross-linking or radiation curing 

after dispersion and coating is often used to improve these properties. For flexible 

recording media, polyurethane and copolymers of vinyl chloride and vinyl acetate are 

often used. 
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2.3.3 Solvent 

The solvent, or solvent system, selected for a chosen binder system should be 

a good solvent for the polymer and not interact with the magnetic particles in the 

processes of preparing magnetic dispersions. It should also be organic, nontoxic, and 

reasonably fast-drying; although too rapid an evaporation rate can cause problems 

in the coating and the drying process. Thus, combinations of solvents having 

different boiling points are often used. Methyl ethyl ketone, methyl isobutyl ketone, 

tetrahydrofuran and cyclohexanone are typical solvents used at this time. 

2.3.4 Dispersant 

To get a stable dispersion, flocculation and aggregation must be prevented. 

Thus, the magnetic particles must be enveloped by a stabilizing agent that prevents 

further intimate contact between them. These molecules typically have polar groups 

and form an adsorbed layer on the particles. The stabilizing action is provided by 

electrostatic repulsive forces that arise due to charging of the particles and entropic 

effects that depend on the thickness of the adsorbed layer, the structure of the 

molecules, and the configuration of the polar groups. 

In addition, active dispersants of low molecular weight with hydrophobic and 

hydrophilic groups are used. The hydrophobic groups usually consist of a 

hydrocarbon chain with 6 to 30 C atoms. The hydrophilic groups, which react with 

the particle surface, are either ionic or have a dipole moment. There are two types 
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of ionic dispersants: (a) anionic, such as carboxylates, sulfonates, and phosphates; 

and (b) cationic, such as quaternary ammonium salts, and imidazolinium salts. All 

dispersants must be carefully selected and their amount chosen with respect to the 

surface chemistry of the particles and the binder system used. For y-Fe20 3 particles, 

cationic surfactants such as phosphate esters are commonly used. For Cr02 particles, 

such as carhoxylic acids and their derivatives are often employed. 

2.4 Methods to Study Interaction Between Magnetic Particles and 

Magnetic Ink Components 

2.4.1 Flow Microcalorimetry 

The nature and extent of interaction between magnetic particles and a 

dispersant or a binder can be quantified using the technique of flow microcalorimetry 

(FMC). The equipment used for this technique is similar to the equipment used for 

liquid/solid chromatography; however, instead of attempting a separation, FMC is 

used to measure the heat of interaction of a solute with a small column of packed 

particles (33). Small thermistors present in the packed column are used to measure 

small temperature changes when a solute adsorbs or desorhs from a particulate 

surface. The quantity of adsorhed solute may be determined by passing the effluent 

from the FMC through a concentration detector (RI or UV). The observed heat can 

be coupled with the adsorption density information to calculate a molar heat of 
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adsorption that is useful for comparing adsorption of identical solutes on different 

surfaces. The technique has been well documented in the literature (34). 

The FMC has been used to investigate thermal effects accompanying 

adsorption/desorption, immersion, and mixing (35). In order to understand specific 

solute/solid interactions and surface chemical nature of solid surfaces, Fowkes and 

his co-workers (36,37) studied the adsorption of acidic and basic probe molecules 

from neutral solvents onto various inorganic particles using FMC. In a similar study, 

the adsorption of pyridine onto a-ferric oxide from cyclohexane has been investigated 

by Joslin (38). The FMC technique has been used to characterize y-Fe20 J and Cr02 

by Hudson and Raghavan (39). They also examined barium ferrite particles using 

pyridine and 4-nitrophenol as molecular probes (40). The interactions of dispersants 

and model binder components with barium ferrite has also been measured using this 

technique. 

2.4.2 Techniques for the Measurement of Dispersion Quality and Stability 

The recording performance of coated magnetic media is dependent upon the 

formulation and processing parameters as well as particle cnaracteristics. The 

preparation of magnetic dispersions basically consists of two steps: (i) introduction 

of magnetic particles into an organic solvent with surfactants followed by high shear 

milling (mechanical forces), and (ii) addition of an organic binder (and a lubricant 

for tape ink) to the milled slurry followed by further milling for a short duration. 
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The resulting dispersion, typically called "magnetic ink," should ideally be free of 

magnetic agglomerates and be stable over reasonable periods of time. 

The quality of a dispersion is assessed by the number and type (dimers, 

trimers, etc.) of magnetic agglomerates while the stability is assessed by the formation 

of agglomerates or flocculates as a function of time. Several methods have been 

proposed to characterize the quality and stability of magnetic dispersions. These 

include direct methods aimed at investigating dispersions prior to coating and indirect 

methods dealing with the assessment of the magnetic and recording characteristics 

of end products. 

2.4.2.1 Magnetic Techniques 

The magnetic characteristics of y-Fe20 3 dispersions prior to coating have been 

investigated using a vibrating sample magnetometer (41). In this work, Fisher et al. 

carried out magnetic measurements on liquid as well as frozen and oriented 

dispersions and evaluated the effects of dispersion technique and time, 

. solvent/formulation changes and viscosity, and reached certain conclusions regarding 

dispersion stability. Magnetic measurements included magnetic moment versus 

applied field; intrinsic coercivity, He; remanence coercivity, Hr; coercivity factor, F 

= (Hr/Hc - 1) x 100%; squareness, Mr/Ms; and S· = 1 - (Mr/Hc)' [l/(dM/dH)HeJ. 

Dispersion stability was determined by studying the time dependence of the 

magnetic moment of liquid dispersions as a function of applied DC field. Figure 2.3 
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shows their results with two different formulations (marked 5 and 6). It is apparent 

from this figure that formulation #5 remains relatively unchanged (i.e. the DC field 

required to achieve a normalized magnetic moment of 50% remains at approximately 

175 Oe) for 72 hours. Formulation #6 becomes less stable with time, as should be 

evident from the increase of DC field required to maintain the 50% normalized 

magnetic moment. It was also found that the squareness of the solidified dispersions 

correlated well with the coated media squareness with a correlation coefficient of 

0.97. This correlation suggests that magnetic characteristics of the finished product 

can be effectively forecast by a study of the dispersion properties prior to coating of 

the media. 

A Rotation-Vibration (RV) method was used (42) has been used by Sumiya 

and his coworkers to evaluate the stability and dispersion quality of magnetic 

dispersions. According to RV method, the quality of magnetic dispersion can be 

characterized by the rotating ability of particles when a low field (- ±50 Oe) is 

applied to the magnetic paint at one minute intervals as shown in Figure 2.4. Sumiya 

et al. defined two empirical relations for determining degree of dispersion and 

stability. They are as follows: 

Degree of dispersion = (4) 

Stability (5) 
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where M: is the magnetization of the paint after applying the field of ±50 Oe at one 

minute intervals for t minutes and Ms is the saturation magnetization. One minute 

and eleven minutes were arbitrarily chosen for tl and t2 in this work. 

The Ml /Ms profiles for two gamma iron oxide inks of identical composition 
1 

prepared by different milling techniques are given in Figure 2.5. Paint 1 prepared 

by high shear milling and ball milling exhibited a much better degree of dispersion 

as well as stability compared to paint 2 which was dispersed only by ball milling. 

Unlike the work of Fisher et aI., no magnetic data on cast tapes were reported to 

prove that a relation existed between the degree of dispersion measured by the RV 

technique and the final tape quality. 

The effect of polymer type on dispersability of magnetic particles has been 

studied using the RV technique (43). In this work, Nakamae et al. measured the 

change in magnetization (Mi) of the dispersion as a function of the duration of the 

applied field (500e). Mi was considered to comprise of two terms; Mim, the 

magnetization associated with removing the magnetic moment from the easy axis, and 

MiO' the component associated with the orientation of particles (a slowly responding 

component). They found that good dispersions had a high value of MiD' 

Scholten and Felius (44) have reported the frequency dependence of the low 

frequency ac susceptibility in freshly prepared and aged samples of dispersions of 

Cr02 particles in the presence of dc fields and under varying degrees of shear. Their 

data for zero dc field and two values of shear shown in Fig. 2.6 indicates the effects 
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of aging on the dispersion. Potentially this technique could be used to determine the 

particle size distribution in the dispersion which would be of vital importance. 

A analogous technique has been reported by O'Grady (45) who used dc VSM 

measurements of the isothermal remanence magnetisation (lRM) curve of 

dispersions of metal particles. Figure 2.7 illustrates the variation of the isothermal 

remance curves (lRM) of the dispersion as a function of milling time. These curves 

are characterized by two main regions. In region I, physical orientation arising from 

the switching of particles and aggregates resulting in alignment of their net easy axis 

of magnetisation occurs. In the second region, Neel magnetic reversal in fields in 

excess of the intrinsic particle coercivity take places. 

The well-defined separation of these two reversal mechanisms is more easily 

visualized and interpreted through examination of the differentiated IRM curve with 

respect to applied field, Fig. 2.8. For the premixed sample, prior to any milling, the 

graph clearly indicates a sharp peak due to the switching reversal mechanism in fields 

helow 400 Oe followed by a significant, but smaller, broad peak which corresponds 

to the region of magnetic reversal. After prolonged milling, the prominence of these 

two separate peaks are significantly altered, with the magnitude of the physical 

reversal peak enhanced and the Neel magnetic reversal peak reduced. 

Thus, the data in hoth graphs clearly indicates an increase in the degree of 

physical rotation as a function of increasing milling time. Correspondingly, the 
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proportion of large aggregated structures that are only reversed magnetically is also 

decreased. Using this technique it has been found possible to monitor the degree 

and effectiveness of milling in dispersions. However the technique is limited to a 

systems where the particles will rotate in a field less than their switching fields. 

In 1987, a new technique to characterize dispersions by subjecting them to an 

alternating magnetic field (-10 Oe) of variable frequency (between 1 and 100 cps) 

was reported in a U.S. patent (46). This methodology, developed by Brunsch et aI., 

consisted of measuring the field induced by the magnetic ink after energization, and 

calculating the susceptihility of the coating composition. From a plot of susceptihility 

as a function of frequency, they reached certain conclusions regarding the degree of 

dispersion, particle density, and viscosity of the coating composition. 

A block diagram of the experimental set up used by Brunsch et al. is shown 

in Figure 2.9. The magnetic ink sample (marked 11) contained in a test tube (or 

flowing through a pipe) is placed in a coil arrangement consisting of two field coils 

3 and 4 providing the low AC field parallel to the length of the tube (or the flow 

direction). Two other coils 12 and 13 were used to provide an alternating magnetic 

field perpendicular to that exerted by coils 3 and 4. The measuring coil 5 and the 

compensating coil 6 were integrated to appropriate electronic circuitry to record the 

response of the ink to the alternating magnetic field. In the set up for on-line 

measurements, while passing through the pipe, the needle shaped magnetic particles 
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tend to align parallel to the flow direction. Higher is the degree of dispersion, better 

is the degree of alignment. With coils 3 and 4 providing a field in the flow direction, 

the response of the ink to the applied field is first measured. Coils 3 and 4 are then 

turned off and coils 12 and 13 are energized to record the response to the field 

applied in a perpendicular direction. The difference in the reading between 

"parallel" and "perpendicular" energization mode was taken as an indicator of degree 

of alignment and hence a degree of dispersion. 

An instrument, the Dispersion Quality Monitor (DQM), is commercially 

available from Steinberg Associates, Portola Valley, California. In this instrument, 

the magnetic dispersion is pumped through a narrow gap (sensor) and a special 

transducer (like a read head) measures the residual magnetic moment of the 

dispersion flowing through the gap. The basic output from this instrument consists 

of three signals: 

(i) voltage level, V(L), which reflects dispersion quality. VeL) decreases with 

milling time. 

(ii) voltage envelope, V P-P' which is a measure of dispersion homogeneity. 

(iii) events per time (CPM), indicative of agglomerates 

(particles larger than that set by a 

discriminator level). 
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It is also claimed that a graph of 10g(CPM) vs. discriminator voltage is related to the 

particle size distribution. This instrument can be used on an on-line basis at flow 

rates ranging from 1 to 40 liters per minute. 

2.4.2.2 Hydrodynamic Flow Method 

The dispersion quality can be related to the nature of particle orientation 

induced by a hydrodynamic flow field. To measure particle orientation in a weak 

flow field, techniques such as high speed cinematography (47), light scattering (48) 

and rheology (49) have been used. 

An apparatus, the Rheological Magnetic Analyzer (REMA), has been 

developed for studying the orientation distribution of particles through magnetic 

permeability measurements (49). This apparatus, pioneered by Jhon and Karis, 

consists of a 5 cm diameter chamber to which is attached a 3 mm tube (Figure 2.10). 

When the magnetic ink is pumped from the chamber into the small tube, the 

particles should experience a hydrodynamic force which would tend to align the rod 

like magnetic particles in the flow direction near the mouth of the small tube. Far 

from the pore entrance, the orientation of the particles would be random due to 

Brownian motion. Besides, at low flow rates the orientation will he nearly random 

while at higher flow rates particle alignment in the flow direction would occur. 

Particle alignment will be affected by particle shape in the sense that long particles 

would tend to align more easily compared to globular pseudo-particles, which are 
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clusters of single particles. Changes in the dispersion quality affect particle 

orientation through changes in particle shape. 

Jhon and Karis measured changes in the permeability of a flowing suspension 

as a function of flow rate by measuring the inductance of a coil (2 cm long, 5 turns) 

centered 2 cm from the entrance of the small tube. The slope of the inductance 

versus flow rate curves at very sma)) and high flow rates were used to calculate the 

relative rotary diffusion coefficient of the particles. The equation relating the 

diffusion coefficient to the inductance-flow curve is as follows: 

Dr = [ 1 ] [_ a(L/¢)]-J
/
2 X [a(L/¢)]J

/
2 

y d 3 215 aQ 0"0 a(1/Q).o .. ", 
(6) 

where, Dr IS the rotary diffusion coefficient of the pseudo-particle, y is a 

hydrodynamic coefficient, d is the inside diameter of the small tube, L is the 

inductance of the coil, Q is the volumetric flow rate and ¢ is the particle 

concentration (volume fraction). The value of this diffusion coefficient was found to 

decrease with increasing dispersion quality. 

2.4.2.3 Optical Methods 

The technique of transient magnetic birefringence (TMB) has been used to 

probe the quality of dispersions of magnetic particles suitable for media formulation 

(50). An excellent overview of this technique has been provided by James, who has 
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also described the development of an apparatus for the characterization of the 

particle size distribution in commercial magnetic pigments. 

The TMB technique makes use of the fact that the isotropic optical properties 

of a suspension of anisometric or anisotropic particles can be modified by the 

application of a magnetic field normal to an incident light beam. In the presence of 

a magnetic field, the dispersions exhibit birefringence due to particle alignment. 

Birefringence, defined as the difference in refractive index for light polarized parallel 

and perpendicular to the magnetic field vector, is given by: 

21TCvi (&1) = (n - n ) = -- . ~ • cp. 
I .1. n I 

(7) 

In the above equation, Cvi is the volume fraction of particles of size class "i," "n" is 

the refractive index of the medium, L1g is the optical polarizability anisotropy per unit 

volume of the particles along the major and minor axis and "cp" is an orientation 

function that depends on the coupling between the particle moment "m" and the field 

"H." 

When the applied field is turned off, the system relaxes to the initial random 
\ 

distribution and the rate of decay of the birefringence signal will depend on the 

intensity of the applied magnetic field. The field waveform and the detector output 

are schematically shown in Figure 2.11. The rate of decay of the signal can be used 

to obtain the rotary diffusion coefficient of the particles which can then be related 

to the long dimension of the particles. The principal advantage of this technique is 
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the short data collection time, typically about 1 to 100 ms. But this method works 

only with dilute suspensions. 

Gloss measurements are widely used in the media industry to evaluate 

dispersion quality. In this method, a glass substrate is coated with a sample of milled 

slurry or ink and the extent of light reflected at various angles from the coating is 

measured. Higher gloss values are considered to correspond to better particle 

separation. For example, gloss versus milling time plots (51) for a variety of 

magnetic oxides appear in Figure 2.12. As should be evident from this figure, the 

gloss value of the coatings increases significantly with milling time. Gloss values are 

typically affected by the type of magnetic particles. 

Gloss measurements require examination of the ink surface in air and hence 

are limited by the quality of the spread of the ink being examined and are often not 

reproducible. For example, a tough ink surface might be mistaken for poor particle 

dispersion quality. It is desirable to optically measure particle dispersion in magnetic 

inks without the ink surface limitations. This has been achieved by measuring 

particle dispersion at the interface of the magnetic ink and a glass slide. The glass 

slide is placed over the spread of ink, thereby creating a reproducible ink interface 

and reducing the limitations of the ink surface quality. Actual dispersion 

measurements can be made through the glass slide using the interface optical 

roughness as measured by a phase measuring AC differential interferometer with 

scanning laser spots (52). This tool has the required sensitivity because it can 
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measure sub-nanometer height changes at sub-micrometer spatial resolutions. Since 

the ink-glass interface is smooth and the binder does not contribute to reflectance, 

particle dispersion quality will correlate to the interface optical roughness. Thus, the 

more uniform is the measured reflectance, the higher is the quality of particle 

dispersion in the ink. 

The optical properties of very dilute (0.0001 % by volume) dispersions of 

magnetic particles have been investigated using a static light scattering technique 

(53). Preliminary results have shown that this technique may not be a promising tool 

for analyzing the state of dispersion. 

2.4.2.4 Rheological Methods 

Measurement of the rheological properties is also a powerful and efficient 

method for evaluating the dispersion behavior of magnetic particles. The rheological 

characteristics such as yield value, viscosity and dependence of viscosity on shear rate 

provide valuable, qualitative information on the presence and strength of flocculates. 

Gamma-Fe20 3 dispersions prepared with a complex phosphate ester of a non-ionic 

surfactant have been characterized using this technique (54). In this study, Dasgupta 

measured the magnetic characteristics of (hand drawn) tapes made from dispersions 

milled for different lengths of time. His results are shown in Figures 2.13(a) and (b). 

Viscosity at infinite shear rate (17.,) and yield value (Co) decreased with milling time 

and remained almost constant after 40 minutes. If the decrease in viscosity is due 
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to the deflocculation of magnetic floccules, then one would expect improvement in 

magnetic properties of tapes with increase in milling time. Figure 2.13(b) shows that 

this is indeed the case. 

2.4.2.5 Summary 

Magnetic methods are useful for "real life" dispersions but suffer from the fact that 

they only provide qualitative comparisons. Rheological methods are also useful for 

high density dispersions but the data is often very complex to make meaningful 

conclusions. Optical and hydrodynamic flow methods can work only with very dilute 

suspensions. The media industry should make attempts to interrelate the 

complementary information obtained from different techniques. 

2.4.2.6 DIMAG 

The DIMAG instrument is similar to a M-H loop tester and is shown in 

Figure 2.14. A sample of magnetic ink placed in the pick-up coil is initially subjected 

to an alternating magnetic field « 60 Oe) in a vertical direction. After a 

predetermined time, the sample is exposed to a DC magnetic field of much higher 

intensity (up to 840 Oe) acting in a direction perpendicular to the AC field for a 

short duration (-10 sec). The sinusoidal signal generated by the ink in the pick up 

coil is sampled at two points per each cycle for the calculation of amplitude and 

phase values with respect to the input signal. The average of eight successive values 
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are stored to generate plots of amplitude and phase as a function of time. It is 

claimed that the percent change in the amplitude that occurs during the application 

and removal of the DC magnetic field (DCON and DCOFF, respectively) can be 

related to the dispersion quality of the magnetic ink. 

The theory involved in the interpretation of DIMAG results will now be 

discussed. The expected response of a single particle and a douhlet (soft or hard) 

to the applied fields (alternating in the direction perpendicular to the orientation of 

the particle and constant in a direction of the particle orientation) is shown in Fig. 

2.15. Case A depicts the waveform of the constant magnetic field applied in the 

form of a DC pulse, Hno which is larger than HAC' Case B is for a situation where 

Hnc is less than the coercivity of the particles (He) while case C depicts the response 

to the applied DC field which is greater than the coercivity of the particles. The 

induced signal for single and doublet particles are given in case D as a function of 

time. 

In the case of single particles, when Hnc < He' the induced signal should 

decrease (i.e. DCON is negative) when the DC field is applied. This is primarily due 

to the reduction in the oscillation of the particle and its magnetic moment vector in 

response to the AC field in the vertical direction resulting from the alignment effect 

of the strong DC field. A magnetic field greater than He should make the DCON 

signal more negative. 
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In the case of a "hard" doublet, the net magnetic moment is initially zero. 

Thus, the weak alternating magnetic field does not cause the magnetic moment 

vectors to oscillate. If the applied DC field is less than the coercivity of the particles, 

the induced signal DCON should not change from the zero value when the DC field 

is applied and removed. On the other hand, the application of a DC field greater 

than He to a hard agglomerate should result in a repUlsive force between particles 

and cause them to separate. This separation makes the magnetic moment vectors 

to oscillate in response to the AC field and hence the induced DCON signal 

increases. When the DC field is turned off, the particle separation increases and the 

induced signal, now designated as DCOFF, is positive. 

In soft doublets, the application of a DC field can break apart the doublets 

into single particles. This will happen by the rotation of the particles themselves in 

the DC field. Thus at Hoc < He' the induced signal should increase on the 

application of the DC field and should show a further increase when DC field is 

turned off. At higher DC fields, the particles and the magnetic moment vectors are 

pinned in the direction of the DC field and respond less to the oscillating AC field. 

This would result in a signal which is smaller than that for the case of Hoc < Hr. 

If agglomerates are present in the magnetic ink, the amplitude of the DIMAG 

signal would resemble that shown in Figure 2.16. The net magnetic moment of tne 

agglomerate is zero in the absence of the DC field. When the DC field is turned on, 

the agglomerate will be sheared due to the orientation of the particles and this will 
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bring more particles that can respond to the base AC field to the surface. A positive 

DCON (II - I) signal would then result as shown in Figure 2.16. On switching off the 

DC field, particles in the sheared agglomerate would relax and try to return to a 

random orientation originally present in the agglomerate. This would result in the 

decrease of the DIMAG signal amplitude. The amplitude mayor may not return to 

the original value in the time scale of the experiment (typically 30 - 60 sec). 

The DIMAG technique can give information not only on the presence of 

agglomerates but also on the cohesive (bonding) strength of the agglomerates. 

Information on the strength of agglomerates can be obtained hy measuring DCON 

values as a function of De field strength. A plot of DeON value as a function of 

DC field strength is similar to a magnetization curve, and is shown in Figure 2.17 for 

an ink containing soft agglomerates, for an ink containing hard agglomerates and for 

an ink containing single particles. The magnetization curves for inks containing soft 

agglomerates should show a maximum. This is because the DCON signal would 

initially increase with DC field due to orientation of particles hut this increase will 

be counter-balanced by the pining of the magnetic moment at increasing DC field 

strengths. Lower the De field strength at which the maximum in the curve occurs, 

the lower is the cohesive strength of the agglomerates. If the ink contains very hard 

agglomerates, no maximum may he observed. For an ideal dispersion of single 

particles, the DeON signal would become increasingly negative as the DC field 

strength is increased. 



DeON 

+ 

Fig. 2.17 

Soft Agglomerates 

Hard Agglomerates 

~------~--------. 

Theoretical field dependence of DeON 
signal. 

71 



72 

The main drawback of the DIMAG method is that it can only provide 

qualitative comparisons between various degrees of dispersion quality. Besides, it is 

not a nondestructive technique since the application of a strong DC field will induce 

some flocculation. 

2.5 Degradation of Metallic Particles 

The stability of iron metal particles is directly related to data integrity and is 

therefore of prime importance for magnetic media. Understanding degradation 

behavior of iron metal particles is crucial and steps have to be taken to prevent 

degradation during the expected life time of any product made with iron metal 

particles. 

It is well known that iron has a tendency to form a number of oxides because 

of its multivalent character (10). The oxide progresses from metal-rich to oxygen-rich 

form predominantly Fe2 + in FeO at the oxide-metal interface to a mixture of Fe2+ 

and Fe3+ in the intermediate magnetite, Fe304(FeO'Fe203), layer; and finally to 

Fe +3 in hematite, Fe20 3, at the outer surface exposed to the oxidizing environment. 

The numerous voids and fissures appearing in the oxide phases are common in the 

oxide films. 

Iron-based metal particles used in high density recording media typically have 

a passive surface layer to protect them against further oxidation in air. The passive 

oxide layer on iron particles has been found to consist of either Fe30 4, y-Fe20 3, or 
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a mixture of the two (23,24). However, studies have shown that the iron -hased 

metal particles exhibit continued oxidation/corrosion upon exposure to high 

temperature and humidity conditions (56,57). 

Lee et al. (56) studied the effects of temperature and humidity on the stability 

of the iron metal particles by subjecting samples of metal particles to different 

environmental conditions for a period of time. The change in percent iron content 

in the particles was measured hy the weight gain in a furnace heated to GOO°e. The 

oxidation rate was defined as the percent loss of iron per day. This was calculated 

from the slope of the curve hy linear regression analysis. It was found that the 

oxidation rate of iron particles increased almost linearly with increasing temperature 

in the range 25 to 50°C. The effect of humidity on iron particle oxidation was found 

to he greater at higher temperatures. 

The change of magnetic moment of the particles was measured hy a 

Vihrating Sample Magnetometer and was found to be a function of temperature and 

relative humidity. The magnetic property (saturation magnetic moment) also 

degraded with increasing temperature and humidity. 

Mathur and his co-workers (57) exposed the iron metal particles to various 

water vapor concentrations at different temperatures to determine their magnetic and 

chemical stahility. The magnetic properties, such as magnetisation (as)' of the aged 

particles were measured. The degradation of the magnetic moment of the iron 

particles as a function of the exposure time to high temperature and humidity was 
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observed to occur in two stages; a rapid initial stage (region 1) followed by a much 

slower second stage (region 2). 

The corrosion of Fe metal particles was explained by the following reaction: 

(8) 

A first-approximation model for the corrosion of Fe metal particles was proposed to 

he: 

(9) 

where -d[Fe]/dt is the change in metallic iron concentration as a function of time. 

For their investigations, -d[Fe]/dt was approximated by the change in as. 

Because temperature and humidity were held constant, the concentration of 

water vapor and oxygen were considered constant and a pseudo zero-order reaction 

was assumed: 

(10) 

The different behavior between region 1 and region 2 was explained as due 

to the presence of cracks, voids, and pores in the protective passivation layer. These 

defects would result in higher initial rates of degradation. As degradation (aging 

time) continued, the pores and voids would become filled with corrosion products. 

These products would effectively mimic the original passivation layer and therefore 

slow down the degradation. As a continuous oxide layer is formed, water and oxygen 
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would not be in direct contact with the Fe surface, but would have to diffuse through 

the oxide coating. The inability of the reactants to directly contact the surface would 

lead to the decrease in the degradation rate observed between regions 1 and 2. 

They also found that in the initial fast degradation stage (region 1) the 

corrosion rate appeared less sensitive to temperature and more sensitive to humidity, 

while in the second slower stage (region 2) the corrosion rate was insensitive to 

humidity. 

As mentioned In § 2.3.2, the binder system is the critical element in the 

magnetic dispersion since it serves to separate the particles in the final coating as 

well as providing for binding them together. Therefore, care should be taken with 

regard to the longer term durability of the tape for long archival times, and of hostile 

climatic or environmental conditions. This means the selection of binders with 

minimum degradation due to hydrolysis, taking into account the effects of the other 

components of the mix, including the pigment, on that degradation. 

For example, polyester urethane elastomer, a popular resin used in modern 

media, is known to he susceptible to environmental degradation by hydrolysis (58,59). 

Extensive hydrolytic degradation can lead to the formation of sticky and gummy 

chemical products. It can be anticipated that a substantial contribution to 

environmental tape aging and performance characteristics might derive from the 

chemical behavior of ester hydrolysis. The environmental degradation resulting from 

hydrolysis can be accelerated by an increase in relative humidity and temperature. 
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Ester groups are basically formed from a chemical reaction between carboxylic acid 

and alcohol (Fig. 2.18), which also generates water as an additional chemical product. 

Typically, this reaction is reversihle, which means at high relative humidities the 

hydrolysis reaction will be favored. 

In this work, efforts were made to study the interaction of water vapor with 
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Fig. 2.18: Ester reaction. 

iron-hased metal particles hy measuring the water uptake of particles under different 

temperature and humidity using a flow microcalorimetric technique. The effect of 

the chemical nature of the hinder on water uptake by particles was also investigated. 

2.6 Simulation Methods for Magnetic Dispersions 
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Computer simulations of magnetic particle dispersions are hased on realistic 

models of the interactions hetween magnetic particles in a suspension as well as a 

numerical method for sampling the states of interacting particles. As mentioned 

earlier, the dynamics of magnetic particle dispersions is determined by the sum total 

of the attractive (van der Waals and magnetic) and repulsive (electrostatic and steric) 

forces. Calculations have shown that van der Waals and electrostatic contrihutions 

to the total energy of interaction between magnetic particles are much smaller than 

the magnetic and steric contrihutions. A proper choice of the expression of the 

magnetic and steric interaction energy has to be made for magnetic particles with 

different shapes. The condition of the surrounding medium of the magnetic particles, 

such as solution viscosity, can also affect the dynamics of the magnetic dispersion and 

has to he taken into account in the simulation. 

There are two major numerical methods which have been used for the 

computer simulation of magnetic particle dispersion; Monte Carlo method (Me) and 

Molecular Dynamics (MD). 

The Monte Carlo method is a statistical technique employing a random walk 

in discrete phase space, derived from the theory of the Markov-chain. Each particle 

move is determined hya transition probability biased in favor of the forces acting on 

it. By this method the particle ensemhle is driven to an equilihrium distrihution. 

With MD, the dynamics of a system of interacting particles is simulated hy 

solving the classical equations of motion of each particle. The particles are confined 
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within some volume of space and freedom of movement for all particles in the 

absence of boundary effects is achieved through periodic boundary conditions. Using 

MD method, the dynamical information with the particle displacements identifiable 

with particle velocities can be obtained. Although MC is not a dynamical technique, 

it provides energetic and structural information. 

Coverdale et al. have conducted studies of the microstructure of strongly 

interacting particulate dispersions using MC method (61). The particles are modeled 

as sphero-cylinders of 10: 1 aspect ratio. In addition to the magnetostatic potential, 

the particles have a surface potential which models the repulsive surfactant layer 

extending:::;; 0.025 J,Lm. The bulk of the material is simulated by the computational 

method of periodic boundary conditions. The pole-pole magnetostatic interactions 

was assumed in the computation. 

Three types of cluster were found in zero field, a close loop, a loop with a tail 

and a chain. The application of a saturating field to an initial spherical-random 

distribution of particle axis orientation yields chain clusters aligned in the field 

direction. 

In this dissertation, results of the computational investigation using the method 

of molecular dynamics (MD) undertaken to characterize the state of magnetic 

particle dispersions containing spherical and acicular particles will be presented. 
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2.7 Mossbauer Spectroscopy 

The descriptive name for the M6ssbauer Effect (ME) is resonant absorption 

of recoilless radiation. Resonant absorption is illustrated schematically in Fig. 2.19. 

Imagine two Fe nuclei, identical, except that one is in an excited nuclear state (which 

results from the decay of 57CO. Resonant absorption is said to occur if the y-ray 

photon (radiation) emitted by the excited nucleus is absorbed by the one in its 

ground state. At first this would seem very likely to occur since the two have 

identical energy levels. The naive expectation would be that the photon emitted by 

the excited nucleus would have just the right energy for absorption by the other. 

Photons, however, carry momentum as well as energy so that both the emitting 

and receiving nuclei recoil if they are free. These recoils require energy so that the 

photon will actually not have enough for absorption to occur. Fortunately, in the 

case of Fe, if the nuclei are in a solid, they are bound to the solid as a whole by solid 

state effects for some reasonable fraction of the time (called the M6ssbauer fraction). 

Thus, like bolting a cannon to the earth, the recoil is negligible in this case. It turns 

out that, for reasons which can be very useful, resonant absorption is still not assured 

for the following reasons. 

It is often described that nuclei are unaffected by the chemical compound in 

which they are located. Actually, s-electron wave functions are non-zero at the origin 
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so that the electrons spend some time within the nucleus. This small negative charge 

interacts with the positive nuclear charge and changes the nuclear energy levels very 

slightly. Furthermore, the nuclear radius in Fe is slightly smaller in the excited state 

than in the ground state. Thus, the shift in ground state energy is different from that 

of the excited state as shown in Fig. 2.20(A). 

If both source (excited nuclei) and absorber (ground state nuclei) were 

identical, these shifts would be the same in both and resonant ahsorption could still 

occur. However, if the source is in one chemical environment and the absorher is 

in another, the shifts will he different and the emitted photon will have an energy 

different from that required for absorption. This is called the "Isomer Shift" or 

chemical shift. The photon energy can be Doppler shifted up or down to he resonant 

with the absorber by moving them relative to on another by a few mm/sec. 

One thus obtains a Mossbauer spectrum by sweeping the source (or on 

occasion the absorber) through a range of velocities and determining the counting 

rate as a function of velocity. The inset above Fig. 2.20(A) shows a schematic 

velocity spectrum when just an isomer shift is present. If there were no isomer shift, 

the resonant absorption (and thus dip in counting rate) would occur at zero velocity 

(vertical dotted line). 

The isomer shift, usually expressed in mm/sec, gives information about the 

electron density at the nucleus. It can be helpful in determining the charge state of 

the Fe, but the identification is not unique, except for some rather uncommon states. 
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The excited state of the Fe nucleus also has a quadrupole moment. (Stable 

nuclei cannot have dipole moments.) The presence of an electric field gradient splits 

the level into two. Field gradients are not usually present in metals, but are in most 

other compounds which do not have symmetry which prevents a gradient. Since the 

excited state is split, Fig 2.20(B), resonance can occur for two velocities. (This 

assumes that the source has a single line, i.e. emits photons of only a single 

frequency. Such single line sources are readily available commercially.) 

This "Quadrupole Splitting" gives a measure of the electric field gradient at 

the iron nucleus in the sample. Quadrupole Splitting values aid in determining 

crystal symmetry. The temperature dependence of the quadrupole splitting can also 

yield useful information about the crystal type. 

Finally, the ground state is spin 1/2 and the excited is 3/2, so that the 

presence of a magnetic field splits the ground state in to two levels and the excited 

state into four, as shown in Fig. 2.20(C). This gives eight possible combinations, but 

selection rules limit them to six. 

Thus, when a magnetic field is present at the iron nuclei there are six lines in 

the velocity spectrum. The splitting, called the "Hyperfine Splitting" (H), between the 

lines is proportional to the strength of the magnetic field. The relative magnitude 

x of the ratios 3:x: 1: 1 :x:3 of the line areas is determined by the orientation of the y

ray direction and the magnetic field. Thus, the magnitude and direction of the field 
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can be measured independently. Many of the iron oxides have unique hyperfine 

splittings, so a spectmm can he used for identification. 

Mosshauer spectroscopy can distinguish hetween many iron oxides. From the 

spectra it is possihle to tell if the iron atoms are in identical sites or if the sites differ. 

That is to say, it can determine if the sample is perfectly crystalline or if there are 

varying degrees of amorphousness. 

It must he said that, especially at room temperature, not all oxides or at least 

not all forms are distinguishable. For example, J1-FeOOH, y-FeOOH, Fe(OHh and 

FeO could not be distinguished at room temperature. These materials are 

paramagnetic and show only a single (or douhle) line. The samples which are ferro

or antiferromagnetic exhihit a six-line spectmm whose splitting for crystalline samples 

can distinguish hetween them. If the samples are amorphous, the Jines hroaden so 

that the identification could become uncertain. 

If the magnetic oxide is in the form of sufficiently small particles, a 

phenomenon called superparamagnetism occurs and a single line is seen. In such 

cases, the sample hecomes indistinguishahle from other paramagnetic samples. 

However, lowering the sample to liquid nitrogen or even liquid helium temperature 

frequently restores the six-line spectrum and identification is again possible. Less 

certain identification can he obtained from the quadrupole splitting and isomer shifts 

even when the more certain six-line spectra are missing. 



3.1 Materials 
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Samples of commercially availahle passivated metal particles and cohalt 

modified iron oxide particles were used in this research. The physico-chemical and 

magnetic properties of these particles are tahulated in Tahle 3-1. The surface areas 

of the metal particles SN-l and SN-3 and cohalt-modified iron oxide particles 

outgassed at 35 C were 33.0, 59.9 and 31.0 m2/gm, respectively. They were measured 

using a single point BET with nitrogen as the adsorbate. The morphology of the 

metal particles and Co-modified iron oxide particles was studied using a high 

resolution transmission electron microscopy (TEM). The TEM images of the 

magnetic particles were taken on a Philips 420 TEM at an accelerating voltage of 80 

KY. The sample was prepared by immersing the holey carhon grid with a dilute 

slurry of the particles in tetrahydrofuran (THF). Figures 3.1 and 3.2 show a group 

of particles SN-l and SN-3 at a magnification of 60,000 and 175,OOOX. The length 

of the SN-l and SN-3 iron acicular particles was ahout 0.28 J.Lm and 0.15 J.Lm, 

respectively, while the aspect ratio of hoth particles was 10:1. The surface oxide 

layer, which has a lighter color than the core on particle SN-1, can he clearly 
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Table 3-1 

Physico-chemical and Magnetic Properties of Particles 

Particle Sw Hc Chemical Analysis (%) 
(m2/gm) (Oe) 

Fe Al Ni Zn Si 

Metal Particles 33.0 891 57.0 0.021 32.0 0.13 0.61 
SN-1 

Metal Particles 59.9 1500 79.2 2.42 3.34 1.55 0.64 
SN-3 

Co-modified 31.0 600 
Iron Oxide 
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Fig. 3.1 TEM micrograph of metal particle SN-l 
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50nm 

Fig. 3.2 TEM micrograph of metal particle SN-3 
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identified in Fig. 3.3. It can be seen that these particles contain an iron core of 120 

A in diameter with a - 30 A thick surface layer. Figure 3.4 shows a group of cobalt

modified iron oxide particles. The length and aspect ratio of these particles were 

about 0.34 /.Lm and 7: 1, respectively. All samples were stored in glass bottles inside 

a dessicator containing a drierite absorbent. Samples of passivated iron particles 

were received in the form of small chunks and could not be used as received. They 

were carefully ground in a mortar and pestle inside a glove box filled with nitrogen 

and sieved. The 200x400 mesh fraction was used for the flow calorimetric 

experiments. 

3.1.2 Solvent 

HPLC grade tetrahydrofuran (THF), cyclohexanone and hexane were 

purchased from Fisher. All solvents were stored on 3 A molecular sieves (activated 

at 300°C for at least 3 hours). 

3.1.3 Dispersant 

Reagent grade di(2-ethyl hexyl) phosphoric acid (DEHPA) was used as the 

model dispersant and was purchased from Sigma. The molecular weight of DEHPA 

is 322.3 g/mole and its structure is shown below: 



Fig. 3.3 TEM micrograph of metal particle SN-l 
showing iron core and oxide layer 

90 



Fig. 3.4 

Sonm 

TEM micrograph of cohalt modified iron 
oxide particles. 
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STRUCTURE OF DEHPA 

3.1.4 Binder 

A commercially available wetting binder based on a vinyl chloride/vinyl 

acetate copolymer containing hydroxyl and carboxyl groups (Mw = 74,000) was used 

as received. According to its manufacturer, the poly(vinyl chloride), poly(maleic 

acid) and hydroxyl content of this polymer are approximately 80%, 0.3% and l.8% 

by weight, respectively. To study the effect of the chemical nature of binder on 

degradation of passivated iron particles, poly(vinyl chloride) (PVC; Mw - 93,000) 

and hydrolyzed (98%) poly(vinyl alcohol) (PVA; Mw - 90,000) were purchased from 

Polysciences, Inc.. Ethylene diamine was used to dissolve the poly(vinyl alcohol). 

3.2 Methods 

The characterization of the surface of the metal particles was attempted using 

the technique of X-ray photoelectron spectroscopy (XPS or ESCA) using MgKa x-

rays. A va ESCALAB II instrument was used to make the measurements. 
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The surface area of the magnetic particles were measured using a Monosorb 

single point BET instrument made by Quantachrome Corporation with nitrogen as 

the adsorbate. 

The water content of the solvents was measured with a Karl Fisher model 392 

automatic K-F Titrimeter. Typically, an electrode with dual platinum sensors is 

immersed in a sample solution and connected in series with a microammeter and a 

dc voltage source. A polarizing voltage is applied while the K-F reagent is slowly 

added, until eventually all sample water has been consumed in the reduction of 

iodine hy sulfur dioxide. In the ahsence of water, the free iodine in the titrant is no 

longer reduced to iodide, and is therefore present as an efficient current carrier. The 

resulting large standing current is then ohserved hy the microammeter as a sharp 

endpoint indication. The water content was then calculated hy the following 

equation: 

(11) 

where VT is the titrant volume dispensed, Ws is the sample weight and F is the water 

factor determined by titrating water in methanol. The water content of 

tetrahydrofuran was measured using the standard Karl Fisher reagent as titrant and 

methanol as solvent. In the case of methyl ethyl ketone, Hydranal-composite/5K and 

Hydranal working medium K were used as titrant and solvent, respectively. 
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The nature of the oxide layer on passivated iron particles before and after 

aging experiments was characterized using Mossbauer spectroscopy. The Mossbauer 

absorption spectra were measured at 79 and 3000 K using Ranger Scientific MS-1200 

Mossbauer spectrometer and 57CO in a rhodium host as the source. The spectra were 

fitted to Lorentzian curves using a least-square method. 

3.2.1 Flow Microcalorimetric Method 

A flow microcalorimetric technique (FMC) was used to investigate the 

interaction of magnetic particles with particulate media formulation components 

(solvent(s), dispersant(s) and binder(s)) (1-5). In this technique, a solution of 

adsorbate was pumped through a packed be'd of particles and the heat as well as 

extent of interaction were measured. A schematic sketch of FMC set up is shown 

in Figure 3.5. FMC experiments were carried out with a Microscal Mark 3V Flow 

Microcalorimeter. The FMC experiment started with installing the outlet connector 

into the sample cell, which had a 0.2 J.l.m Teflon filter on the retention screen to 

prevent the loss of ultra fine particles during the experiments (Fig. 3.5). With the 

inlet connector removed, the weighed particles were loaded into the sample cell using 

a long, stainless steel funnel. Then, the funnel and the outlet connector were tapped 

continuously as the particles were slowly poured into the sample cell. This helped 
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ensure an even packing of the particle bed. The optimum sample weight was -0.07 

to 0.12 gm of 325x400 mesh powder depending on the specific surface area of the 

sample. 

After the particles were loaded into the bed, the inlet connector was slowly 

installed, and then whole assembly was heated and evacuated as desired under 

predetermined conditions. The typical drying procedure used was as follows. The 

temperature of the cell was raised to the desired temperature under a vacuum. After 

a vacuum of 10-2 torr was attained, the particles were held at the elevated 

temperature for at least two hours. Next, the temperature of the cell was lowered 

to 35 ± 2 0 C and a stream of dry argon was introduced while the vacuum was 

disconnected. The small flow of argon prevented the particles from extruding up the 

inlet connector during disconnection of the vacuum. 

The heat of wetting studies were conducted hy allowing a solvent at a flow 

rate of 6.6 ml/hr to wet the dry bed. The heat of wetting peak was recorded with 

a computing integrator. The solvents used for the FMC experiments were degassed 

hefore use. This was done hy placing a vessel containing the solvent into an 

ultrasonic bath for 3 minutes. Then, the solvent was vacuum filtered through a 0.2 

I-Lm Teflon filter and held under vacuum for 10 minutes. This treatment helped 

remove the dissolved gasses in the solvent effectively and prevented the formation 

of bubbles that can interfere with the refractive index detector. 
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The FMC was calibrated by using a special outlet connector that had a 

Nichrome wire coil mounted just above the retention screen. After the equilibrium 

stage for the particles in the flowing solvent was established, an electrical current was 

applied to the coil and the response of the bed was recorded on the computing 

integrator. The area of this peak divided into the energy (in calories) injected into 

the bed could then be used as a conversion (cal/unit area of peak) factor to obtain 

the heat of wetting or heat of adsorption during the actual experiments. Calibration 

was repeated for any changes in sample size, sample type, or flow rate. 

The heat of adsorption experiments were done after the particle bed reached 

the thermal equilibrium with the solvent. The flow rate of solvent was first increased 

to 12 ml/hr to ensure even packing of the bed. Simultaneously, the effluent from the 

bed was connected to the sample inlet of a Waters 401 refractive index detector 

(RID). After several minutes, the outlet of the RID sample cell was connected to 

the inlet of the reference cell, and both solution paths of the cell were flushed. After 

the RID signal was stabilized at zero volts, i.e. reference and sample cell signals were 

identical, the solvent flow rate was reduced to 6.6 ml/hr and the RID reference cell 

was disconnected from the sample cell outlet. The RID can be operated either with 

a trapped or flowing reference. The results in this thesis were obtained using a 

trapped reference. 

After the FMC equilibrated, the solution was introduced into the sample cell 

by switching the changeover valve. The time of switching was marked on the chart 
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recorder to give the RID reference point. This reference point allowed for the time 

lag between the solution hitting the bed and reaching the RID. 

The determination of the adsorption consisted of passing a solution of known 

concentration through an empty bed in the FMC and recording the RID response. 

By repeating this test with a bed of particles in the FMC, the amount of solute 

species adsorbed can be calculated using the following relationship: 

1=1 • 

amount adsorbed (grams) = (flow rate) x I [Cc(t) - Ch(t)] dt (12) 
1=0 

where Cc(t) and Ch(t) are the concentrations of solute in the effluent stream from the 

FMC in the absence and in the presence of the particle bed, respectively, and t' is 

the time at which the concentration of the effluent from the bed equals the inlet 

concentration. Figure 3.6 shows a typical output from such an experiment, with the 

shaded area between the curves representing the amount adsorbed. The molar heat 

of adsorption was calculated from the adsorption and heat data. 

A typical heat of wetting trace is shown in Fig. 3.6(a). An interesting 

observation from this trace is that the initial exothermic peak characteristics of 

wetting phenomena is followed by an endothermic peak. In a typical batch 

calorimetric experiment, only exothermic heat of wetting is normally ohserved. The 

reasons for the endothermic peak are not exactly clear hut could be attributed to one 

or more of the following: 
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(1) 'displacement of the physically adsorbed water on the solid 

surface by the solvent molecules and 

(2) reorganization of the solvent molecules after the initial 

wetting process. 
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During an adsorption process, the observed heat effects are caused by a 

change in the free energy of a solute molecule. In other words. there is a 

corresponding decrease in free energy of a solvated molecule when it is adsorbed 

onto a solid surface. For example, suppose a solid surface is in equilibrium with a 

flowing stream of solvent. If a solution containing solute molecules in the same 

solvent replaces the pure solvent, the free energy changes will he caused hy the 

following: 

(1) the adsorption of solute, 

(2) the desorption of solvent, 

(3) the decrease in the concentration of solute in the solution. and 

(4) the increase in the concentration of solvent in the solution. 

The contributions from the adsorption of solute to the total change in free energy 

often dominate, especially if the solvent is neutral in regard to the solid surface. 

To study the interaction of water vapor with passivated iron particles, efforts 

were made to modify the flow calorimetric apparatus for gas/vapor interaction 

studies. A schematic sketch of the experimental setup is shown in Fig. 3.7. Ultra 

high pure nitrogen containing less than 3 ppm of moisture was purchased from 
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Matheson. The experiments consisted of four steps: (a) outgassing of the metal 

particle bed at a predetermined temperature and at a vacuum of 0.01 torr, (b) 

flushing of the bed with dry ultra high pure (UHP) nitrogen, (c) flow of humidified 

nitrogen through the bed (adsorption stage) and (d) flow of dry UHP nitrogen 

through the bed (desorption stage). The flow rate of dry and humidified nitrogen 

was controlled at 5 ± 0.5 ml/min. The heat of interaction of the water vapor with 

the particles was measured hy a thermistor located in the sample chamher while the 

quantity of adsorhed moisture was determined by passing the effluent from the FMC 

through a Vaisala's HMD SOU relative humidity (RH) sensor and constructing the 

hreakthrough curves. The method for the calculation of the amount of adsorption 

from hreakthrough curves has been descrihed hefore. 

3.2.2 DIMAG 

The DIMAG unit used for the investigations was capahle of applying AC 

fields in the range 3.3 to 33 Oe (at 80 Hz). The frequency of the AC field could he 

varied in the range 40 to 90 Hz. The strength of the DC magnetic field was 

controllahle in the range 60 to 840 Oe. The following conditions were used during 

the measurement: AC field of 33 Oe at a frequency of 80 Hz, DC field of 60 - 840 

Oe, a 10 sec DC pulse and a relaxation time of 17 sec after the removal of the DC 

pulse. 
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The DIMAG measurements were carried out with attritor (Union Process 

Co.) milled magnetic inks consisting of magnetic particles (- 22% by weight of ink), 

dispersant (or binder), and mixed solvents. The mixed solvent system contained THF 

and cyclohexanone in a volume ratio of 75/25 and the dispersant (or binder) level 

was varied as desired. A flow sheet of the steps involved in the preparation of 

magnetic ink is shown in Figure 3.8. The magnetic particles were premixed with 75% 

of the final volume of dispersant (or binder) solution in a teflon beaker using a 

stirring rod for about 15 minutes. The slurry was then transferred to the attritor by 

rinsing the beaker with the remaining 25% of the solution. Then approximately 180 

gm of alumina balls (5mm) were added and the milling was started. Ten ml samples 

of ink were periodically withdrawn from the attritor and were characterized using the 

DIMAG instrument. Care was taken to ascertain that no bubbles formed in the ink 

sample during its transfer to the test tube used in the DIMAG instrument. 

Tapes were hand drawn from the milled inks and the magnetic properties of tapes 

such as switching field distribution (SFD) and squareness ratio (SR) were measured 

using a B-H meter. 

3.2.3 MD Simulation 

For a system containing N interacting magnetic particles, one can write a 

Hamiltonian as 
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H = K + U = total energy (13) 

where K and U are the kinetic and potential energy, respectively. The kinetic 

energy, K, consists of two parts: translational (= ~(1/2)MVi2) and rotational (= 

~(1/2)Iwi2), where M is the mass of a particle, I is its moment of inertia. Vi and Wi 

are the translational and angular velocities of particle i, respectively. 

It was discussed earlier that there exist four types of interaction forces 

hetween magnetic particles which can affect the stability of a dispersion in a liquid 

medium. These forces are: (1) Van der Waals (VDW) (attractive), (2) magnetic 

(attractive), (3) electrostatic (repulsive) and (4) steric (repulsive). Therefore, the 

total potential energy is 

(14) 

Calculations have shown that UVDW and Uel are much smaller in values than Umag 

and Ust • Therefore, Van der Waals and electrostatic energies were neglected in the 

simulation. 

The magnetic interaction energy for spherical particles is hased on the 

magnetic dipole-dipole interaction and is given hy 

U mag 

N N-I N N-I IJ. 3 
= :E:E .p .. m = :E:E _0 _I_(m .. m. - _-(m.· r..)(m .. r..» 

. .. IJ ... 41f I r I I J ') I IJ J IJ 
]>11=1 ]>11=1 ij rij -

(15) 
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where m is the magnetic moment, J.Lo is the permeability, rij is the separation vector 

between spherical particles. The pole-pole interaction is applied to the cylindrical 

type of particles and the magnetic interaction energy between cylindrical particles can 

be written as 

2 N N-) J.L P.(k)P.(k) 
U =LLL_o 

1 J 
mag 1\=) j>i i=) 41T rij(k) 

(16) 

where rij(k) is the separation distance between poles of two different particles i and 

j, and P is the pole strength. Signs of the magnetic energy for cylindrical particles 

is determined by the signs of the interacting poles. 

Many theoretical expressions are available for the calculation of steric 

repulsion energy between particles with adsorbed polymer layers (6). Informations 

on quantities, such as volume concentration of polymer in the adsorbed layer, 

polymer density, and adsorbed layer thickness, which are difficult to measure 

accurately, are often required in using these expressions. For spherical particles, a 

simple form of steric repulsion energy is usually employed in simulations and is given 

by 

N N-) 

= L L«Jl. s = 0 
j>i i>1 I) 

:-.; ,,-I (17) 

= L L A(r l - r i/ j>i i> I 
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The parameters A and r l are chosen such that the equilibrium center-to-center 

distance between two particles is no less than 2.3a, where a is the radius of a particle. 

Because of the complexity of the shape of cylindrical particles, each particle 

is discretized evenly along its long axis. The steric contribution to the energy of two 

particles is determined as 

U
Sl 

= 0 

= A·(r l - rsf 

if rs > rI 

ifrs :5rJ 

(18) 

where rs is defined as the minimum separation distance between the discrete points 

of the respective particles. The parameters A and r I are also chosen to simulate a 

steric layer of thickness O.lSa. 

The equations of motion of each particle can be written as 

= P. 
I 

Translational 
(19) 

=T. 
I 

Rotational = 1, "', N 

where Fj is the force on particle i (= -aUlOt!arj ), and T j is the torque. In the case 

of spherical particles, the torque is given by 

~ 

T. = L Iii. x B 
I .. I ) 

)"1 

(20) 

where Bj is the magnetic induction. For cylindrical particles, both magnetic and 

steric contributions to the torque have to be taken into account. The equations of 
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motion can then be solved numerically using a finite difference approximation for the 

time derivatives, as follows 

drj = llrj = rj(t+.1t) - rj(t) (21) 
dt.1t .1t 

The time integration step (.1 t) in these simulations is approximately 6.76 x 10-9 

seconds. In addition, for spherical particles, a drag term can be included in the 

translational equation of motion by adding to the force a term in the form -67raTJ Vj, 

where TJ is the viscosity of the fluid. Rotational motion in a viscous fluid is not 

accounted for in the simulation reported in this work. 

To study the dynamical and structural response of the magnetic dispersions 

containing spherical particles to an external DC field, the rotational equation of 

motion can be rewritten in the form 

dw 
I-I T T dt = j + exl 

where Tex, = mj x Bex" Bex' is the applied DC field. 

(22) 

It can be seen from Eq. (15) that the magnetic interaction energy is related 

to the orientation of the magnetic moment. Hence, it is necessary to introduce a 

generalized coordinate to describe the orientation of the magnetic moments. In both 

cases of spherical and cylindrical particles, the dipole moment is assumed to be 

attached physically to the particles. In the latter case the moment is parallel to the 

long axis of the cylindrical particles. Euler angles (8, 'P, ¢) can be used to represent 
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the orientation of the magnetic moments. However, it was found that Euler 

equations of motion possessed singularities at a = 0 (7). Therefore, in stead of 

Euler angles a set of four parameters (quaternions) developed by Evans et al. which 

yield equations of motion without any singularities was used (R,9). These four 

parameters (X, T}, ~ and C) can be defined in terms of Euler angles by: 

X = cos( ~) . cos( 1\1- ¢ ) 
2 2 

T} = sin(~) 'cos( 1\1-¢) 
2 2 

~ = sin(~)'sin(1\1-¢) 
2 2 

(23) 

C = cos(~) ·sin( 1\1 + ¢) 
2 2 

These four parameters are not mutually independent but satisfy the relation: 

(24) 

The intermolecular forces and torques were calculated in a laboratory 

coordinate system. The transition from coordinates fixed in space to coordinates 

fixed in the particles can be accomplished by means of an orthogonal transformation. 

Therefore, the torques caused by the magnetic interaction energy are converted to 

principal torques Tp using the relation: 

T - A·T p(principal) - lah (25) 

where A is a rotation matrix and has a form: 
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(26) 

Principal torques (Tp) and forces F, were used to evaluate the principal 

angular velocities (fup) and positions in the cartesian coordinates (r) of the particles 

using the equations: 

(0: = x,y,z) (27) 

F (28) = 
m 

where I is the moment of inertia and is equal to (2/S)Ma2 for rigid spherical bodies. 

In this work, a three dimensional box SOa by SOa by SOa, with periodic 

boundary conditions, containing 100 particles (N = 100) was simulated. The physical 

and magnetic properties of magnetic particles are: M = 3xl0-IR kg, a = 500 A, m = 

3RO emu/cm3 (= 4.7Sx1O-16 Am2), and adsorbed polymer layer thickness was assumed 

to he 75 A. In the case of cylindrical type of particles, the radius of the particles was 

also 500 A with an aspect ratio of 2: 1. The pole strength was equal to m/2a. The 

numher of discrete points along the long axis of each acicular particle used for the 

calculation of steric interaction was chosen to he 21. The effect of thermal agitation 

was also studied using the momentum rescaling procedure, which rescaled the 

momentum of all particles to keep the kinetic energy constant at 1.66x 10-22 J /particIe. 



CHAPTER 4 

RESULTS AND DISCUSSION 

The experimental results will be presented in four major parts: 
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(1) characterization of the physical chemistry of interaction between magnetic 

particles and a model dispersant and a wetting binder 

(2) dispersion quality of magnetic particle inks measured by 

DIMAG and its relation to tape quality 

(3) degradation of passivated iron particles in humid atmosphere 

(4) molecular dynamics of magnetic particulate dispersions 

4.1 Interactions of Magnetic Particles With A Model Dispersant and A 

Wetting Binder 

4.1.1 FMC Measurements - Dispersant Uptake 

The results of the tests carried out to characterize the interaction of a model 

dispersant DEHPA dissolved in hexane or THF with metal particle SN-3 are 

presented in Figure 4.1. Both heat and extent of adsorption were measured. As 

described in Section 3.2.1, the extent of adsorption was measured using the RID. 

From a hexane solution, the adsorption of DEHPA increased sharply up to a solution 

concentration of 0.04 M and then slowly approached a plateau value. At an 
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equilihrium solution concentration of 0.04 M, an adsorption density of H.l ,umoles/m2 

was calculated. The corresponding change in the molar heat of adsorption is plotted 

in the same figure. At low surface coverages, the exothermic molar heat of 

adsorption was high (ca. 28 kcal/mole) indicating a strong chemical interaction 

hetween the particle and DEHPA. The molar heat reached a limiting value of 14 

kcal/mole at solution concentrations in excess of 0.04 M. 

The results ohtained with DEHPA dissolved in THF are also shown in 

Figure 4.1. A distinct plateau value of 4.2 ,umole/m2 was ohtained for adsorption in 

this system, which is considerably lower than that measured in hexane solutions. The 

molar heat of adsorption was also significantly lower when using THF as the solvent. 

The differences hetween the results ohtained in the hexane and THF systems 

can he explained in terms of the acid/hase nature of the solvent and particles. 

Typically, an oxide surface consists of Lewis and Bronsted acid/hase sites (Figure 

4.2) (4). Both solvent molecules and solute species compete for these sites. In a 

non-polar, neutral solvent such as hexane, the solvent molecules do not exhihit much 

affinity for these surface sites. This is evident from the low heat of wetting ohserved 

in the hexane system (Tahle 4-1). On the other hand, THF is a Lewis hase with the 

ether oxygen serving as the electron donor. When the oxide particles are contacted 

with acidic surfactant, such as DEHPA dissolved in THF, THF could compete for the 

surface sites and perhaps form an acid-base complex with DEHPA. 
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Solvent 

Hexane 
Hexane 
THF 
THF 

Table 4-1 

Heat of Wetting of Passivated Metal Particles 
With Outgassing by Different Solvent 

Bed Heat of Wetting Heat of Wetting 
Exothermic Heat Endothermic Heat 

(cal/gm) (caI/m2) (caI/gm) (cal/m2) 

#1 2.76 0.084 1.85 0.056 
#3 4.45 0.074 2.09 0.035 
#1 4.07 0.123 1.40 0.043 
#3 6.61 0.110 2.08 0.035 
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This could explain why the heat and extent of adsorption ofDEHPA is lower in THF 

than in hexane. 

To interpret the adsorption results, the adsorption data were fitted to the 

Langmuir, Freundlich and Temkin isotherms. The adsorption equation developed 

hy Langmuir has heen widely applied to descrihe adsorption from solution hy 

heterogeneous solids. Langmuir adsorption equation has the form: 

eKe = + (29) 

where r is the adsorption density, C is the solute concentration. K is the Langmuirian 

constant, and r OJ is the monolayer capacity. Two simplifying assumptions were made 

in the derivation of this isotherm. namely that the heat of adsorption was 

independent of the fraction of the covered surface and adsorption was limited to a 

monolayer. 

The Freundlich equation has the general form shown helow: 

log e = K3 + K4 log C (30) 

where e (= r /r m)is the surface coverage relative to a monolayer (rnJ This model 

assumes that the heat of adsorption decreases logarithmically as the adsorption 

density increases. However, the Freundlich equation does not express r as a linear 

function of C at low concentrations, a common experimental ohservation, and it does 

not provide for a maximum value of r. As a result, the Freundlich equation predicts 



117 

infinite surface coverage at infinite concentration, a condition that does not occur. 

Therefore, its application is limited to ranges of intermediate surface coverages. 

The isotherm of Temkin allows for specific interaction of solute molecules 

with the surface. It can be written as 

(31) 

and generally not valid at very small or very high values of C. However, it allows for 

electrical factors over a limited range of concentrations of adsorhing long-chain ions. 

The adsorption density data of DEHPA in hexane and THF onto metal 

particle SN-3 were fitted to three classical isotherms: the Langmuir, the Freundlich 

and the Temkin (Figure 4.3). The correlation coefficients, in Tahle 4-2, show that 

the Langmuir equation provides the best fit of the adsorption data, hoth in hexane 

and in THF. It is interesting that the Langmuir equation fits the adsorption data 

very well hut at the same time the variation of heat of adsorption with surface 

coverage invalidates the applicability of the Langmuir equation. Plots of molar heat 

versus In e shown in Figure 4.4 clearly show that the molar heat decreases with In 

e, especially in the hexane system. Thus, even though Langmuir equation fits the 

adsorption data slightly hetter, the variation in heat values lends support to the 

Freundlich type hehavior in this system. The calculated values of r m and K, 

assuming Langmuirian hehavior, are also listed in Tahle 4-2. Also, using the 

calculated r m value, the area per adsorhed DEHPA molecule on particle SN-3 was 

determined to he 12.88 A2 for the DEHPA/hexane system and 31.21 A2 for the 
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Table 4-2 

Calculated Parameters from the Langmuir, Freundlich and Temkin 
Isotherms for the Adsorption of DEHPA on Metal Particle SN-3 

Correlation Coefficient rm K 

Langmuir Freundlich Temkin 
(tLmole/m2) 

DEHPA/ 0.99 0.95 0.93 12.9 0.026 
Hexane 

DEHPA/ 0.99 0.94 0.96 5.3 0.017 
THF 

DEHPA/THF system. 

4.1.2 FMC Measurements - Binder Uptake 
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In the preparation of magnetic dispersions, a relatively new class of reagents 

known .as wetting binders which combine the functionality of a dispersant and a 

binder has shown promise for dispersing metal particles. Most of these wetting 

binders are based on copolymers of vinyl acetate and vinyl chloride. Sumiya et al. 

investigated the use of a copolymer containing vinyl chloride, vinyl acetate and vinyl 

alcohol in the dispersion of cobalt modified gamma iron oxide particles and 

concluded that the optimum hydroxyl content of the polymer was roughly in the 4 to 

6 mol% range (5). Kandori et al. studied the stability of magnetic and non-magnetic 

iron (III) oxide dispersions in 2-butanone containing a copolymer of vinyl acetate, 

vinyl chloride and maleic acid (6). 
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The interaction of two commercially availahle iron based metal particles with 

the wetting binder (UCAR 527) based on a vinyl chloride and vinyl acetate 

copolymer was investigated. Particles in sample identified as SN-l contained 32% 

nickel while particles in sample SN-3 contained only 3.3% nickel (Tahle 3-1). A 

higher nickel content in SN-1 may be responsihle for the lower coercivity of SN-1. 

The interaction of the particulate samples SN-1 and SN-3 with the wetting 

hinder dissolved in THF is shown in Figure 4.5. For sample SN-l, the adsorption of 

the hinder increased steadily in the concentration range investigated (2 x 10-5 to 3.8 

X 10-1 M). At the highest concentration investigated, an adsorption density of 0.05 

p,mole/m2 was calculated. The change in the molar heat of adsorption is also plotted 

in the same figure. The molar heat of adsorption decreased from 28 kcal/mol at the 

lowest concentration investigated to a limiting value of 22 kcal/mol at concentrations 

in excess of 1.5 x 10-1 M. 

The hinder adsorption on sample SN-3 exhihited a similar increase with 

solution concentration and adsorption density values were higher than that for sample 

SN-1. The molar heat of adsorption onto sample SN-3 was approximately 1.6 times 

larger than that on sample SN-l at all solution concentrations. Such large heats of 

interaction indicate strong chemical interaction hetween the particles and the hinder. 

It was not possihle to collect data at higher hinder concentrations hecause of the 

increased viscosity of solutions and the non-linearity of the RID response. The heat 

of interaction (adsorption) of the hinder with SN-l and SN-3 is plotted in Figure 4.6 
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as a linear as well as a logarithmic function of the uptake. It may be noticed from 

this figure that the variation of the heat of adsorption with uptake more closely 

follows a' semilog (correlation coefficient, R = 0.983 and 0.961 for SN-1 and SN-3) 

rather than a linear (R = 0.852 and 0.835 for SN-l and SN-3) behavior. This 

perhaps implies that the adsorption process follows a Freundlich behavior. The 

adsorption data for both samples were fitted to the Freundlich equation: 

I 

r = kC n 
(32) 

where r is the adsorption density, C is the solution concentration, k and n are 

Freundlich constants. The results of the fit are shown in Figure 4.7. For both SN-l 

and SN-3, the fit to the Freundlich equation is very good with correlation coefficients 

of 0.998 and 0.995, respectively. The Freundlich constants 'k' and 'n' were calculated 

to be 0.13 and 2.0 for SN-l and SN-3, respectively. The good fit of data to the 

Freundlich equation indicates that there is a distribution in the energies of basic 

sites. Andrews, using pyridine as a molecular probe, also obtained evidence for the 

heterogeneous nature of the acidic sites on the particles (8). She found that the heat 

of adsorption of pyridine decreased with the logarithm of adsorption density 

(Freundlich behavior). 

In Table 4-3, the adsorption data obtained for SN-1 and SN-3 are compared 

with the literature data for binders used in the dispersion of magnetic oxides. 

Eventhough an accurate comparison of the data would require the same solvent, 
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Table 4-3 

Vinyl Acetate-Vinyl Chloride Based Binder Adsorption 
on Particles From Non-Aqueous Media 

Sample Solution Adsorption 
(mg/m2) 

SN-l wetting binder in THF 
(3.8xlO-5 M) 

3.4 

SN-3 wetting binder in THF 5.1 
(4.OxlO-5 M) 

lron(III) oxide poly(vinyl acetate-vinyl 2 - 2.8 
No.1 chloride maleic acid) in 2-

(y-Fe20 3) butanone 
(saturation adsorption) 

Iron(III) oxide poly(vinyl acetate-vinyl - 1.2 
No.2 chloride maleic acid) in 2-

(a-Fe20 3) butanone 
(saturation adsorption) 
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water content of the solvent and the proportion and type of anchor groups, it appears 

that the adsorption of the wetting binder onto the metal particles is quite large. 

In an effort to characterize the reversibility of the adsorption process, the 

particle beds equilibrated with the wetting binder were rinsed with THF and the 

heats of desorption were measured. It was found that in all cases the heat of 

desorption was less than 5% of the heat of adsorption. This rules out simple physical 

adsorption as the uptake mechanism. 

4.1.3 XPS Measurements 

The characterization of the oxidation state of iron, nickel and other elements 

on the surface of the metal particles and cobalt modified iron oxide particles before 

and after the treatment with a model dispersant (DEHPA) and a wetting binder 

(UCAR 527) was attempted using the technique of X-ray photoelectron spectroscopy 

(XPS). 

(a) Iron Based Metal Particles 

4.1.3.1 Characteristics of Magnetic Particles 

Figure 4.S shows the spectra for bare particles SN-1 and SN-3. The XPS 

spectra of particle SN-1 contained Auger and 2p peaks for nickel while that for 

particle SN-3 contained very weak peaks for Ni and Zn. All samples showed Fe 2p 

peaks at binding energies of710.65 and 724.3 eV indicating that the passive layer on 
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the particles was perhaps in the state less than Fe( +3). The difference in binding 

energy between Fe 2PI/2 and Fe 2P3/2 was -13.6 eV. 

4.1.3.2 Dispersant Uptake 

The spectra and binding energies for Fe(2p) peaks obtained from XPS analysis 

are presented in Figs. 4.9-4.11 and Tahle 4-4 for SN-3 hare and DEHPA treated 

particles. The appearance of a phosphorous peak at 132.R7 eV in the spectrum for 

the dispersant treated sample can he considered as an evidence for the presence of 

DEHPA on the surface of the particles. The Fe(2P3/2) peak in the XPS spectrum for 

the untreated particle had a hinding energy of - 710.6 eV. This value is hetween 

the value of 709.7 eV for FeO and 711.2 for Fe203' Perhaps part of the iron in the 

passivated layer was in the valence state less than +3 and this oxidized to the Fe( +3) 

state during conditioning. It was found that the hinding energy of the Fe(2p) peaks 

shifted to slightly higher (0.5 e V) values on treatment with DEHPA indicating a 

slight oxidation. It is worth mentioning that the conditioned sample was washed with 

THF prior to taking the XPS spectrum. Ideally, if a Lewis acid/hase type of 

interaction takes place hetween the acidic Fe+:l sites on the particle and the basic 

ionized -OH group in DEHPA, the electron density around the Fe+:l sites should 

increase causing a decrease in the hinding energy of the Fe(2p) peaks. Since such 

a decrease was not seen in XPS spectra, it may he tempting to conclude that the 

acid-base complex is formed but THF rinsing hreaks the complex and removes the 
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Table 4-4 

Binding Energies for the Fe 2p Peaks of the Untreated, 
DEHPA Treated and Binder Treated Particle SN-3 

Peak Binding Energy (e V) 

Untreated DEHPA Binder 
Treated Treated 

Fe 2P3/2 710.65 711.07 711.55 

Fe 2p\/2 724.30 724.67 724.20 

133 

phosphate anion. But this reasoning will not he consistent with very low heats of 

desorption measured in the experiments. 

4.1.3.3 Binder Uptake 

The XPS data collected on hare, THF treated and wetting hinder treated 

metal particles SN-I and SN-J are summarized in Tahle 4-5(a) and presented in 

Figures 4.12-4.14. For comparison, literature values for the hinding energy of Fe and 

Ni peaks are shown in Tahle 4-5(h). It must he mentioned that samples designated 

as "hinder treated" were samples suhjected to FMC study at a hinder concentration 

of 27.2 gil and suhsequently washed in THF. 

The presence of chloride in the spectra of the treated samples SN-l and SN-3 

(Figure 4.14) indicate that the vinyl chloride-vinyl acetate copolymer is indeed 



Table 4-5 

(a) XPS Data for Bare, THF Treated and Wetting Binder Treated 
Metal Particle SN-l and SN-3 

Binding Energy (e V) 

Peak Untreated SN-l THF treated Binder treated 
SN-l SN-l 

Fe 2P3/2 708.3 710.8 710.9 
Fe 2PI/2 722.5 724.4 724.5 
Ni 2P3/2 855.7 856.0 855.7 
Ni 2PI/2 874.8 874.7 874.1 

CI Is 198.8 

Peak Untreated SN-3 THF treated Binder treated 
SN-3 SN-3 

Fe 2p3/2 710.6 711.1 711.5 
Fe 2PI/2 724.3 724.6 725.2 

AJ' 73.7 
CI Is 199.2 

, very weak peak 

(h) Pertinent 2P3/2 Binding Energy Values in Fe, Ni 
and Their Compounds 

Peak Binding Energy (e V) 

Fe 2P3/2 706.5 

FeO 2P3/2 709.7 

Fe20] 2P3/2 711.2 

Fe30.j 2P:l/2 711.2/709.5 (Douhle peak) 

Ni 2P:l/2 852.3 

Ni(OHh 2P:l/2 855.8 

Ni20 3 2P3/2 855.6 

134 



(a) 

(b) 

en ., 
C 
:J 
a 
u 

C(ls) 
(A) I 

-';\L-.-_,"" - .... 

] 000 800 600 'fOO 200 

Binding energy. eV 

en 
.jJ 

C 
:J 
a 
u 

1000 800 600 400 200 0 
8 i nd i ng energy. eV 

Fig. 4.12 XPS spectra of (a) untreated and (b) 
binder treated metal particle SN-3. 

135 



IJl ... 
C 
:J 
o 

U 

(a) 

Ul ... 
C 
:J 
o 

U 

752 744 736 728 720 712 
8indlng energy. eV 

560 541 
Binding enorgy. eV 

Ul ... 
C 
:J 
o 

U 

(b) 

748 710 

Ul ... 
C 
:J 
o 

U 

548 541 729 
8indlng energy. eV Bindlng energy. eV 

Fig. 4.13 Fe 2P3/2 and 2Pl/2 and 0 Is peaks 
obtained from XPS analysis of (a) 
untreated and (b) binder treated metal 
particle SN-3. 

136 

522 

534 



(a) (J) 

(b) 

.j.J 

C 
:J 
o 

U 

Cl 199.2 eV 

220 216 212 208 204 200 
Binding energy. eV 

215 213 211 209 207 
Binding energy. eV 

Fig. 4.14 XPS spectra of Cl peaks of binder 
adsorbed metal particles (a) SN-l and (b) 
SN-3. 

137 



138 

present on the surface. A comparison of the binding energy values of Fe(2p) peaks 

for the two untreated samples with published values (Table 4-5(b» would reveal that 

iron in the passive layer is present in a mixed oxidation state of Fe(II) and Fe(III) 

in SN-3 whereas in SN-1, evidence for the presence of iron in a mixed oxidation state 

of Fe(O) and Fe(IJ) is apparent. On treatment with THF containing ca. 40 ppm 

water, iron in the surface of particles appears to undergo oxidation to Fe20;l' 

Interestingly, treatment with the binder, which interacts quite strongly with the 

particles (as indicated by a large molar heat of adsorption), did not change the 

binding energies of Fe(2p) peaks appreciably. As mentioned in § 4.1.3.2, if a Lewis 

acid/base or a chemical complexation type of interaction takes place, the electron 

density around the Fe +3 sites should increase causing a decrease in the binding 

energy of the Fe(2p) peaks. Since such a decrease is not seen in XPS spectra, this 

may be due to the fact that only a small fraction of the hydroxyl and carboxyl groups 

in the polymer were actually able to anchor on the surface of the particles, and that 

the adsorbed polymer was mostly in the loop form. If this were true, the Fe(2p) 

binding energies may not change appreciably. The hypothesis of loop type adsorption 

could be verified by studying the adsorption as a function of the binder molecular 

weight but in the absence of such data, no definite conclusions can be made at this 

stage. 

The presence of nickel was detected only in particle SN-l and the binding 

energy values of Ni 2p peaks in this sample indicate the presence of nickel in the 
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form of Ni(OHh or Ni20 3. As in the case of iron, no significant changes in the 

Ni(2p) binding energy value occurred on treatment with the hinder. (It may be 

mentioned that the instrumental accuracy is 0.5 e V.) 

(h) Cobalt Modified Iron Oxide Particles 

Analyses of the interaction of a cobalt modified iron oxide particle with 

DEHPA and wetting binder were also carried out by X-ray photoelectron 

spectroscopy (XPS). 

The spectra ohtained from XPS analysis are presented in Figures 4.15-4.17. 

The hinding energy values of Fe(2p) and Co(2p) peaks for hare particles. DEHPA 

treated and wetting binder treated particles are shown in Table 4-6. The literature 

values of binding energy of the Fe(2p) peaks in Fe203 and Co(2p) peaks in Co(OHh 

and CoO are also given in this tahle for comparison. It may he concluded from the 

data in Tahle 4-6 that the cohalt was present as Co(OHh rather than as CoO in the 

untreated particles (9,10,11). The appearance of a phosphorous peak at 132.8 

eV in the spectrum for the DEHPA treated sample can he considered as an evidence 

for the presence of DEHPA on the surface of the particles. It was found that the 

hinding energy of the Fe(2p) and Co(2p) peaks shifted to lower (0.3 eV and 0.6 eV, 

respectively) values on treatment with DEHPA. 

As descrihed earlier, if a Lewis acid/hase type of interaction takes place 

hetween the acidic Fe +3 or Co +2 sites on the particle and the hasic ionized -OH 
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Table 4-6 

Binding Energy for the Fe(2p) and Co(2p) Peaks of the 
Untreated, DEHPA Treated and Binder Treated 

Cobalt Modified Iron Oxide Particles 

Peak Bare DEHPA Wetting Fe20 3 
Particles Treated Binder 

Treated 

Fe 2P3/2 710.9 710.6 710.8 710.7 

Fe 2PI/2 724.2 724.2 724.1 724.3 

CO(OH)2/COO 

Co 2P3/2 781.4 780.8 780.4 781 ± 0.2/780.2 ± 0.2 

Co 2PI/2 796.5 796.3 795.5 ?/796 
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group in DEHPA, a decrease in the binding energy of the Fe(2p) and Co(2p) peaks 

should be seen. Such a decrease is found in XPS spectra. A larger decrease for 

Co(2p) peaks may indicate that a much stronger acid-base complex is formed on the 

Co+ 2 sites than on the Fe+3 sites. 

The XPS results for particles treated with the wetting binder are also shown 

in Figures 4.15-4.17 and Tahle 4-0. The presence of chloride and -OH group in the 

spectrum of the treated particle indicates that the vinyl chloride-vinyl acetate polymer 

is indeed present on the surface. The shape of C(1s) peak for binder treated 

particles also indicated the presence of COOH groups on the surface of the particles. 

On treatment with the wetting hinder, the hinding energy of CO(2P3/2) peak 

decreased hy 1 eV to a value that is characteristic of CoO. At the same time, the 

binding energies of Fe(2p) peaks did not show any significant change. A significant 

decrease in the binding energy values for Co(2p) peaks indicates that a strong 

interaction takes place on the cobalt sites to form CoO by removing H20. It is 

concluded that cohalt species present on the surface dominate the chemical 

interaction hetween the particles and DEHPA or the hinder. 

4.1.4 Zeta Potential Measurements. 

The zeta potential of the particles in binder solutions of different 

concentration was measured using a commercially availahle electrophoretic analyzer 

equipped with a high voltage accessory. A voltage gradient of 50 to 100 V /cm was 
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used depending on the binder concentration. For isoelectric point (lEP) 

measurements in aqueous solutions, a voltage gradient of 10 V Icm was used. 

The zeta potential of SN-3 in binder solutions of different concentrations are 

given in Figure 4.18. The particles were characterized by a positive zeta potential 

in the different binder solutions and the zeta potential exhihited a maximum at a 

hinder concentration of 2 x 10-3 gil. The maximum value of zeta potentials was 

indeed quite large, ca 200 mY. Such large value of zeta potentials are known to exist 

in non-aqueous systems (12). The increase in the positive zeta potential of particles 

at low hinder concentrations may be explained as due to the proton exchange 

hetween the -COOH groups of the hinder and the hasic sites on particles. The 

decrease in zeta potential at higher hinder concentrations is most likely due to the 

displacement of the shear layer with increased thickness of the adsorhed polymer 

layer. 

In order to compare the relative acidity/basicity of SN-l and SN-3, 

electrophoretic measurements were made in aqueous 0.005 M KCI solutions to 

characterize the isoelectric point (IEP) of the particles. It was found that the IEP 

of SN-l and SN-3 were 5.4 and 6.2 respectively. It appears that SN-3 is slightly more 

hasic than SN-1. Interestingly, the measured IEP is more characteristic of 

Fe30.j than Fe(lII) oxide (13). It may he recalled that XPS measurements on SN-3 

indicated a mixed valence state (Fe(II) and Fe(III)) of iron but not necessarily the 

presence of Fe)04' which is characterized hy two closed spaced Fe(2P3/2) peaks 
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(Table 4-5(b». From the measured IEP value it may also be concluded that the 

surface treatment to incorporate aluminum oxide (IEP - 9.0) does not yield an 

"alumina like" surface. 

4.1.5 Summary of Interactions of Magnetic Particles With DEHPA and 

Wetting Binder 

Based on the experimental results from this work, the following conclusions 

can be made. 

(1) A wetting binder based on a vinyl acetate-vinyl chloride copolymer 

containing carboxyl and hydroxyl functionalities interacts strongly with 

metal particles. The adsorption of this binder onto the particles 

follows a Freundlich behavior. Adsorption results in the development 

of large positive zeta potential. 

(2) Iron on the surface of metal particles appears to be in a mixed valence 

state. Iron in passive layer of SN-J (high nickel) particles is at a lower 

oxidation state than in SN-3 (low Ni). The interaction of the binder 

with prewetted particles does not result in any significant shifts in 

Fe(2p) or Ni(2p) peaks in the XPS spectra. 

(3) Based on adsorption, XPS and zeta potential results it may be 

concluded that polymer adsorption on metal particles occurs via the 



anchoring of COOH groups but the number of anchor groups is small 

compared with the available Fe sites. 

(4) XPS analysis of untreated, DEHPA treated and binder treated cobalt 

modified iron oxide particles showed that the binding energy for 

Co(2p) peaks shifted to a lower value, indicating that the interaction 

takes place preferentiaIly on the cobalt sites. 

4.2 Dispersion Quality of Magnetic Particle Inks Measured by DIMAG 

and Its Relation to Tape Quality 
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In this section, the results of an investigation undertaken to characterize inks 

made from iron based metal particles and from cobalt modified iron oxide particles 

will be presented. Of particular interest in this work was the correlation of the 

DIMAG signal to the characteristics of the hand-drawn tapes and the elucidation of 

the nature of interaction of particles with the wetting binder. 

4.2.1 DIMAG Measurements 

The results of DIMAG measurements will be presented in three parts: (1) effect 

of milling time on dispersion quality at different wetting hinder concentrations (2) 

aging effect and (3) probing of dispersion quality of inks by variation of DC field 

strength. 

4.2.1.1 Effect of Milling Time 



149 

(a) Iron hased metal particle inks 

As presented in § 3.2.2, DIMAG is a PC-controlled instrument developed to 

characterize the quality and stability of magnetic inks. In this method, a sample of 

magnetic ink initially subjected to an alternating magnetic field is exposed to a 

constant magnetic field of much higher intensity for a short duration and the 

response of the dispersion to this perturhation is measured. The change of the signal 

amplitude when the DC field is turned on is referred to as DCON, and this can be 

positive or negative as discussed earlier. 

The effect of milling time on the degree of dispersion of inks made from iron 

based metal particles SN-3 (He = 1500 Oe) was investigated at six different binder 

concentrations. Samples were taken every ten minutes after starting the milling 

process and a DC field of 4.5 A (- 270 Oe) was applied to measure the DeON 

signal. The induced signals (DeON) for six magnetic inks have been plotted as a 

function of milling time in Fig. 4.19. The samples containing 0 and 1.5% by wt of 

particles of binder resulted in positive DCON values while the 5, 16, 25 and 33% 

samples generated negative DeON values. An example of the signal obtained from 

a dispersion of metal particles in a tetrahydrofuran-cyclohexanone solution containing 

the wetting binder at a concentration of 16% by weight of particles is shown in 

Figure 4.20. The DeON signal in this case was negative, indicating that the particles 

are well dispersed and exist as single particles or as chains of single particles. The 

phase signal also decreases when the De field is turned on indicating that physical 
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rotation as well as the rotation of magnetic moment of the particles are restricted. 

Based on the theory presented earlier, it can be concluded that in inks with binder 

levels in excess of 5% by weight of particles the magnetic particles behave like single 

particles. The magnitude of the negative DCON signal increased with binder 

concentration up to 16% but interestingly became less negative at higher binder 

levels. Increasing the milling time did not significantly improve the DCON signals 

for these six ink samples. Small positive DCON values (0.05-0.2%) for 0 and 1.5% 

samples indicate the existence of aggregates in these inks. 

(b) Cobalt Modified Iron Oxide Inks 

The effect of milling time on the degree of dispersion was also evaluated for 

the inks made from cobalt modified iron oxide particles (He - 600 Oe) at two 

different wetting binder concentrations (5% and 16%). A DC field of 4.5 A (- 270 

Oe) was applied to the ink samples and the DCON signal was measured. The 

induced signals (DCON) for these two magnetic inks are plotted as a function of 

milling time in Fig. 4.21. The induced DIMAG DCON signal from liquid inks was 

found to become more negative with an increase in dispersion time as well as the 

hinder level. Based on the theory presented earlier, it can he concluded that the 

dispersion quality was improved with increasing milling time as well as the binder 

concentration. 
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4.2.1.2 Aging Effect 

In order to investigate the stability of magnetic dispersions, the metal particle 

ink was transferred to a bottle which is sealed as gas tight as possible after 2 hours 

of milling time. The ink was stored for 24 hours and then tested again. The changes 

in the DeON values for four metal particle ink samples after 24 hours aging are 

plotted in Figure 4.22. It can be seen from this figure that the DeON values become 

much less positive for the slurry and 1.5% ink sample. This is an indication of a 

significant degradation in the degree of dispersion. The very small change on the 

DeON signal (- 6%) for the ink sample at a binder level of 16% elucidated a 

dispersion stability superior to the other ink samples. The ink sample at a binder 

level of 33% shows less stability (DeON changes - 17%) than 16% ink sample, but 

much better than slurry and 1.5% ink sample. 

4.2.1.3 Magnetization Curve 

The DIMAG measures the particle mobility with and without a De field, and 

gives information not only on the degree of agglomerization but also on the bonding 

strength of the agglomerates. This can be achieved by applying different strengths 

of De field to the ink sample and measuring the DeON values. 

Typically, in the region of low DC-fields, with increasing De field strength, 

more and more particles are oriented along the direction of the DC field. Therefore, 

the DeON signal should increase. With increasing DC-field strength, the particles 
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appears to be on the particle surface of an agglomerate because of the elongation 

of the agglomerates. This is why the phase of the DIMAG signal should also 

increase. The more mobile the particles are, the lower is the DC-field where a 

significant increase of the DCON signal was observable. The maximum of the 

DCON signal was reached, when the increase of the particle orientation can no 

longer compensate the decrease of the signal due to the hinding of the magnetic 

moment to the DC-field. On the other hand, if the magnetic ink consists of soft 

agglomerates, an application of DC-field can break apart these agglomerates to single 

particles. After the DC-field strength reaches the coercivity of the particles, with 

increasing DC-field strength the mohility of the single particles is reduced. Thus, the 

DCON signal will he decreased. The lower the maximum DC-field strength where 

the DCON maximum occurs, the lower is the cohesive strength of the agglomerates 

in the ink. Based on the information in § 2.2.4.6, a theoretical field dependence of 

the DIMAG DCON signal for inks containing hard agglomerates, soft agglomerates 

and single particles can he easily shown to follow the profiles shown in Fig. 4.23. 

(a) Iron Based Metal Particle Inks 

The magnetization curves of six different magnetic inks measured after 2 

hours milling time are plotted in Figure 4.24. These samples were subjected to a 

DC-field strength in the range 84 - 840 Oe. The DCON signals for slurry (no hinder) 

and an ink sample at a binder level of 1.1 % did not change significantly (0 - 1.5%). 
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even at a DC field of 840 Oe, indicating the presence of hard agglomerates. In the 

range of 6 to 8 A (360 - 480 Oe) DC-field strength, the DCON signal for the 1.1 % 

binder sample increased significantly higher than the slurry. This may be an 

indication that the addition of a small amount of binder improves the degree of 

dispersion. The magnetization curves measured from the ink samples at binder levels 

of 16% and 33% show the identical behavior as the ferrofluid indicating that the 

particles were well dispersed and act as single particles. 

For comparison, the effect of dispersant on dispersion quality was studied 

using a model dispersant (DEHPA) instead of the wetting hinder. At a dispersant 

level of 10% hy weight of particles, the DCON signal increased significantly higher 

than at a level of 1 % with increasing DC-field strength indicating higher degree of 

dispersion for the ink containing higher level of dispersant. In Fig. 4.25, the DCON 

signals for this two samples were even better than slurry and an ink sample at a 

binder level of 1.1 %. Since the strength of the DC-field is limited to - 840 Oe 

which was not ahle to overcome the coercivity of the particles (- 1500 Oe), the 

maximum DCON signal was not seen for all these samples. 

(b) Cobalt Modified Iron Oxide Inks 

In Figure 4.26, a schematic sketch of the input signal and the expected 

response (induced voltage, Vil1d ) from single particles and hard doublets are shown. 

As may he seen from Fig. 4.26(b), the DCON signal for a single particle should be 
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negative and increase in magnitude with increasing DC field strength. On the other 

hand, the DCOFF signal should be positive but equal in magnitude to DCON signal. 

For hard doublets, when the applied DC field is less than the coercivity of the 

particle, there should be practically no induced signal. However, when the DC field 

strength is greater than the coercivity of the particle, the DCON signal as well as the 

DCOFF signal should hecome positive as shown in Fig. 4.2o( c). The response of soft 

doublets to the applied field should differ from that of hard doublets only when Hnc 

< He. Soft doublets would yield a small positive DCON as well as DCOFF signals 

when HDC < He· 

The DC field (80 - 840 Oe) dependence of the DIMAG DCON and DCOFF 

signals for cobalt modified iron oxide inks milled for two hours at various level of 

dispersant or wetting binder are plotted in Figures 4.27 and 4.28, respectively. The 

DCON signal is reported as the percent change with respect to the hase AC signal 

while the DCOFF signal is reported with respect to the amplitude value just prior 

to the removal of DC field. It may he noticed from Fig. 4.27 that DCON signals are 

positive for inks containing DEHPA and low (or no) hinder levels « 2% hy weight 
;. 

of particles) and negative for higher hinder additions (> 5% hy weight of particles). 

Since a negative DCON signal is indicative of the presence of single particles in the 

ink, it can he concluded that a wetting binder level of 5% hy weight (of particles) 

or more results in a well dispersed ink with single particles. The fact that the DCON 

signal for the slurry and the ink containing DEHPA and 1.5% binder becomes 
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positive at DC field greater than -250 Oe indicates that soft doublets are present 

in the sample. 

It may be noticed from Fig. 4.28 that the DCOFF amplitude values for the slurry 

and for the ink made with 1.5% wetting binder increase sharply for DC fields 

stronger than -400 Oe. Since this field strength is lower than the intrinsic coercivity 

of the single particles (600 Oe), the sharp increase in the DCOFF signal is 

attrihutable to the presence of soft doublets. An example of the output signal for the 

ink containing 1.5% wetting binder where doublets are present is shown in Fig. 4.29. 

It is important to mention that the DCOFF signal is positive even for dispersion of 

single particles (see Fig. 4.26(b» but it does not show an abrupt increase at a specific 

DC field. 

4.2.2 Magnetic Properties of Hand-Drawn Tapes 

(a) Metal Particle Tapes 

Switching field distribution (SFD) and squareness ratio (SR) of the hand-drawn 

tapes made from metal particle inks are plotted in Figs. 4.30 and 4.31, respectively, 

as a function of milling time. In the drawing direction, the SFD was improved by the 

milling time as well as the hinder level. The squareness ratio of 5% sample did not 

change significantly with increasing milling time. Except for a milling time of 

40 minutes, squareness ratio of the tapes was found to increase steadily with milling 

time for binder levels of 16% and 33%. 
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A comparison of the DCON values measured at different binder levels to the tape 

characteristics would indicate that dispersions with large negative DCON signals 

result in good quality tapes. Interestingly, the squareness ratio of the tapes was 

found to increase steadily with milling time while the DCON signals did not change 

significantly with milling time. This is probably due to the fact that DIMAG is not 

capable of determing the fraction of single particles in the magnetic inks, 

quantitatively. In spite of this apparent lack of correlation, it appears that the 

DIMAG technique can be successfully lIsed to identify the proper wetting hinder 

concentration required for the production of good quality metal particle tapes. 

(b) Cobalt Modified Iron Oxide Tapes 

The magnetic properties (SFD and SR) of the hand-drawn tapes made from cobalt 

modified iron oxide inks were also measured using a 8-H meter and are plotted in 

Fig. 4.32 as a function of milling time. In the drawing direction. the SFD and SR 

were improved with milling time as well as hinder level up to a time of 60 min. A 

comparison of the DCON values measured hy the DIMAG technique with tape 

characteristics indicates that dispersions with large negative DCON signals result in 

hetter quality tapes. Even though SFD and SR improved with milling time, the 

actual magnitudes of SFD and SR reflect that the tape quality is poor. This could 

he partly due to the fact that the tapes were hand-drawn and no attempt was made 
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to orient the particles. Another reason could be that the wetting binder used was not 

the best choice for cobalt modified iron oxide particles. Using the same wetting 

binder and milling under the same conditions, it was possible to make metal particle 

tapes with much better SFD and SR values. 

4.2.3 Summary of Dispersion Quality Measured by DIMAG and Its Relation 

to Tape Quality 

A magnetic probing technique known as DIMAG has heen applied to characterize 

the dispersion quality of metal particle and cohalt modified iron oxide particle inks 

prepared at different dispersant and wetting hinder concentrations. The correlation 

hetween the DIMAG signal and tape quality imply that dispersions with large 

negative DCON signals result in good quality tapes. 

4.3 Degradation of Passivated Iron Particles in Humid Atmosphere 

Since stahility of iron-hased metal particles is directly related to data integrity, 

it is important to understand the hehavior and kinetics of degradation of these 

particles. In this section, results from a fundamental investigation undertaken to 

measure the water uptake of passivated iron particles (SN-3) using the flow 

microcalorimetric technique (FMC) are reported. The effect of the chemical nature 

of the hinder on water uptake hy particles was also investigated. The nature of the 
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oxide layer on particles before and after aging (T-H test) was characterized using 

Mossbauer spectroscopy. 

4.3.1 FMC Measurements 

1) As-received particles: The heat and extent of water uptake by the metal 

particle SN-3 were measured at different temperatures and relative humidity (RH) 

levels using FMC. When humidified nitrogen was passed through a hed of particles 

an exothermic peak was recorded. When the humidified stream was replaced by a 

dry nitrogen stream at the end of the adsorption step, an endothermic peak whose 

area was smaller than the exothermic peak was recorded. The endotherm is due to 

the desorption of water molecules physically adsorbed on the surface of the particles 

or condensed between the void spaces between particles. The difference between the 

absolute values of the exothermic and endothermic heats, referred to as the net heat 

of adsorption, may be interpreted to be due to the water molecules which are 

strongly (or irreversihly) adsorbed onto the particles. 

The total (exothermic) and net (exothermic- endothermic) heat of adsorption 

of water onto the particles are plotted in Fig. 4.33 as a function of RH. The total 

as weIl as the net heat of adsorption increased linearly with RH at the three different 

temperatures investigated. For example under 72/72 conditions, the net heat of 

adsorption was -1O.R cal/gm while at 32/32 conditions the net heat was only -3.9 

cal/gm. 
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To calculate the net molar heat of adsorption, the amount of water uptake 

(adsorption) is needed. The uptake of water, as descrihed in the methods section, 

was calculated from the hreakthrough curves. As in the case of heat measurements, 

a net value of water uptake was defined as the difference hetween the amount 

adsorbed during the flow of moist nitrogen and the amount desorhed during the flow 

of dry nitrogen at the end of the adsorption experiment. The net uptake was 

considered to represent strongly or irreversihly adsorbed water at a given 

temperature. 

The "net" water uptake by particles at different temperatures is plotted in Fig. 

4.34 as a function of RH. At a temperature of 32°C, the "net" uptake increased 

linearly from 5.6 mg/gm to 10.6 mg/gm as RH was changed from 32% to 72%. 

Under 72°C/72% RH conditions the water uptake reached a value of 1R.4 mg/gm. 

The molar heat of adsorption values calculated from heat and adsorption data are 

also plotted in Fig. 4.34. At 32°C, molar heat values decreased from -7.R kcal/mole 

to -7.1 kcal/mole as RH was increased from 32 to 72%. 

The "net" water uptake data was fitted to a Frenkel-Halsey-Hill type 

adsorption equation, 

In (RH) = 
constant 

(uptake)n 
(33) 

The constant in this equation is inversely proportional to temperature. As may be 

seen from the data presented in Fig. 4.35, a good fit data was ohtained for a value 
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of 'n' equal to 2. This value of 'n' indicates that the water vapor interaction with the 

particles is not very strong (14). This is in agreement with the molar heat values 

which were only of the order of heat of liquefaction of water (- -9.7 kcal/mole). 

The increase in the slope of the lines at lower temperature is due to the fact that the 

constant in eqn. (34) is inversely proportional to temperature. 

2) Polymer-coated particles: Polymer coated particles were prepared hy 

immersing particles in the polymer (PYC or PYA) solution at a concentration of 

3.2x 10-4 M and shaking for one hour. The residual of polymer solution was removed 

when sedimentation of particles occurred. Particles were then dried in a vacuum oven 

and gently ground for FMC measurements. 

The water uptake hy hare, PYA coated and PYC coated particles at 51°C/-

52% RH are summarized in Table 4-7. It can he seen from this tahle that particles 

coated with hydrophobic PYC exhihited much less water uptake (total as well as 

irreversible) than bare particles as well as particles coated with a less hydrophobic 

polymer (PYA). The amount of total and irreversihly adsorhed water on PYC 

coated particles was found to he as low as 7.2 and 2.5 mg/gm, respectively. These 

limited results indicate that the adsorbed polymer layers could serve as a harrier for 

water vapor interaction with particles. This harrier effect is more pronounced when 

the polymer is hydrophobic in nature. 
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Table 4-7 

Water Uptake (Adsorption) Onto Metal Particles at 52°C/52% RH 

Sample Total Ads. Reversibly Ads. Irreversibly Ads. 
(mg/gm) (mg/gm) (mg/gm) 

bare particles 35.2 24.1 11.1 

PV A coated SN-3 17.7 11.8 5.9 

PVC coated SN-3 7.2 4.7 2.5 
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4.3.2 Mossbauer Measurements 

To study the nature of the oxide layer on metal particles SN-3 hefore and 

after aging (T-H Test) was characterized using Mc)sshauer spectroscopy. The 

M6sshauer adsorption spectra were measured at 79 and 300°K, The spectra were 

fitted to Lorentzian curves using a least-square method. Reason for measuring 

spectra at liquid nitrogen temperature (79°K) is hecause if the magnetic oxide is in 

the form of sufficiently small particles, a phenomenon called superparamagnetism 

occurs and a single line is seen. In such cases, the sample hecomes indistinguishahle 

from other paramagnetic samples. However, lowering the sample to liquid nitrogen 

or even liquid helium temperature frequently restores the six-line spectrum and 

identification is again possihle. The M6sshauer spectra ohtained at 300 and 79°K for 

the unaged, untreated particles are shown in Fig. 4.36. It may he noticed that the 

central paramagnetic ahsorption peak present at 3000 K disappeared at 79°K 

indicating that a part of the oxide layer is superparamagnetic in nature or contains 

imperfect crystallites. To study the aging effects, samples of hare and polymer coated 

particles were aged at 80°C/85%RH condition for nine days. A comparison of the 

ratio of core iron to oxide iron and the hyperfine field of metallic iron and iron oxide 

for hare, PYA coated and PYC coated metal particles hefore and after aging is 

tahulated in Tahle 4-H. The hyperfine fields for the metallic iron in these samples 

were the same, within experimental error, and were very close to that for a-iron (H 

= 340 kOe at 78°K). The hroad hyperfine-split ahsorption as shown in Figure 
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Table 4-8 

Mossbauer Data for Metal Particle SN-3 

Sample % of iron 
, 

% of iron H (kOe) of H (kOe) of 
oxide' iron iron oxide 

untreated 71 29 341.6 468.3 
bare particles 

aged bare 57 43 341.8 471.8 
particles 

PVA coated 72 28 341.5 467.5 
untreated 

PYA coated 65 35 341.5 466.4 
after aging 

PVC coated 70 30 341.9 466.9 
untreated 

PVC coated 69 31 342.3 466.8 
after aging 

, Based on the assumption that the Mossbauer fraction are the same for 
both materials at liquid nitrogen temperature 
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4.36(b) and the hyperfine fields (in the range 460 to 470 kOe) associated with the 

oxide in these samples at 79°K (Table 4-8) suggest that the oxide layer on the surface 

of iron-based metal particle could be a mixture of FeJ0 4 and y-Fe203 (15,16). The 

iron/oxide ratio measured by integrating area under peaks decreased during aging 

for bare and PV A coated particles and remained unchanged for PVC coated 

particles. This finding implies that the hydrophobic PVC inhibits degradation of 

iron-based metal particles whereas particles coated with a less hydrophobic polymer, 

PV A, undergo further oxidation but at a rate less than that of the uncoated particles. 

4.3.3 Summary of Degradation of Passivated Metal Particles in Humid 

Atmosphere 

The water uptake by iron based metal particles used in this investigation 

appears to follow a Frenkel-Halsey-Hill type equation. A hydrophobic polymer 

coating significantly lowered the water uptake. A change in the ratio of core iron to 

oxide iron occurred on aging uncoated particles in humid atmospheres but the 

change was significantly reduced through polymer coatings. 

4.4 Molecular Dynamics of Magnetic Particulate Dispersions 

A computational method which can yield information on the dispersion quality 

of a magnetic particulate dispersion, especially as a function of time, is molecular 



183 

dynamics (MD). In this method, the state of a system of interacting particles is 

simulated hy solving the classical equations governing the motion of each individual 

particle. In all the simulations reported in this section, the same initial set of 

positions and magnetic moment orientations were used. The orientations were 

generated at random according to a normal distrihution. Random numhers were also 

used for the positions of each particle. However. random positions leading to 

overlapping pairs of particles were excluded. In Fig. 4.37, the initial set of positions 

and magnetic moment orientations used in all the simulations reported in this 

dissertation is illustrated. Results on the simulation of spherical particles as well as 

acicular particles are reported. 

4.4.1 Spherical Particles 

Three simulations were conducted under the following conditions: 

A: time =4000 integration steps, no fluid viscosity, and no external magnetic 

field; 

8: time = nOon steps. viscosity = O'()Ol Poise and no external field; 

C: time =4000 steps. zero fluid viscosity. an external magnetic field of 300 Oe 

was applied at time step 2000 for the remainder of the simulation. 

Figures 4.38 and 4.39 show the structure of the magnetic suspension at the 

intermediate time of 2000 steps and at the final step in simulation A. In the case of 

spherical particles interacting through dipole-dipole interactions, minimization of 



Fig. 4.37 Initial positions and magnetic moment 
orientations of particles used in all 
simulations. 
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spherical particles after 2000 integration 
time steps in the absence of fluid viscosity 
and external field. 
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Fig. 4.39 Relaxing configuration of a suspension of 
spherical particles after 4000 integration 
time steps in the absence of fluid viscosity 
and external field. (a) and (b) mark two 
ends of chains linked through periodic 
boundary condition. 
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energy took place by alignment of magnetic moments. For example, the expressions 

for dipole-dipole magnetic energy are _2m2/R3 and _m2/R3 for a chain of two dipoles 

and a doublet with antiparallel orientation, respectively. Here the particles formed 

chains with nearly aligned dipole moments. The lowest energy state corresponds to 

a single infinite chain. In our simulation such a state can be approached. Indeed the 

condition of periodic boundary conditions imposed on the simulation cell permits a 

chain from exiting the cell from one side and reentering it on the other side. This 

feature is clearly seen in Fig. 4.39. 

Simulation B was run to test the effect of fluid viscosity on the suspension. 

An increase in viscosity augments the time for relaxation. Minimization of energy 

is again achieved by the formation of chains of particles in the initial stage of the 

calculation. However, since the motion of multiparticle objects is more sluggish than 

that of single particles, further energy minimization by attachment of pieces of chains 

is strongly impeded by the viscosity of the fluid. The resulting sllspension is therefore 

only composed of short pieces of chains as shown in Fig. 4.40, this despite the longer 

simulation time. 

Figure 4.41 shows the final structure of a suspension subjected to an external 

magnetic field (simulation C). The stimulation of the suspension with a magnetic 

field results in a strong structural anisotropy. Here, upon application of the field, 

those long chains of spherical particles which were perpendicular to the field break 

off into pieces which subsequently align with the field. All other chains respond to 
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the stimulus by directly aligning in the direction of the external field. Attachment 

of chains is also observed. 

4.4.2 Acicular Particles 

Contrary to spherical particles, the lowest energy state formed by two acicular 

particles interacting through pole-pole interactions is a dimer with magnetic moments 

in opposite directions. A configuration composed of aligned particles constitutes only 

a metastable state. Moreover, rings of three, four, ... particles with opposite poles 

in contact are more stable than linear chain configurations. The magnetic interaction 

energy of acicular particles with an aspect ratio of 2: 1 and a steric layer of thickness 

0.15a (a is the radius of particle) was calculated under different configurations and 

listed in Table 4-10. A simulation of 100 acicular particles was run for a period of 

4000 integration steps. The initial configuration as already stated is the same as in 

Fig. 4.37. The final configuration of the suspension of acicular particles is shown in 

Fig. 4.42. As expected, stable dimers and rings are observed. For instance, a dimer, 

a four-particle ring and a seven-particle ring are labelled on the figure as (a), (b), 

and, (c), respectively. Similar ring configurations have already been observed in 

Monte Carlo calculations of dispersion of acicular magnetic particles with an aspect 

ratio of 10:1 (17). In addition to those stable configurations, metastable pieces of 

chains are also seen. Moreover, the structure of the suspension of acicular particles 

appears even richer as demonstrated by the presence of complex aggregated 



Table 4-10 

Magnetic Interaction Energy of Acicular Particles with an 
Aspect Ratio of 2: 1 and a Steric layer of Thickness O.15a (a 

is the Radius of Particle) Calculated Using Pole-Pole 
Interaction under different configurations 

Particle Configuration Magnetic Interaction Energy 
(Unit Energy, 1.66xlO-22 J/particle) 

Dimer -0.21 

Chain of two -0.13 

Ring of three -0.41 

Chain of three -0.27 

Ring of four -0.55 

Chain of four -0.42 
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configurations involving dimers, rings and pieces of chains. 

4.4.3 Summary of MD Simulations 

A computational method based on the technique of molecular dynamics has 

been developed for the simulation of spherical magnetic particles with dipole-dipole 

interactions as well as acicular magnetic particles with pole-pole interactions. The 

model parameters include thermal agitation, thickness of the adsorbed layer through 

the strength of the steric interaction, fluid viscosity and external magnetic stimuli. 

Results of simulations of spherical particles have demonstrated that the hasic 

structural components are chains of particles with aligned magnetic moments. In 

contrast suspensions of acicular particles contained several types of aggregates such 

as dimers, rings, chains and other combinations of the above. Fluid viscosity has also 

been shown to have a significant effect on the dispersion stability. The application 

of an external magnetic field can break up as well as reorient aggregates. 



CHAPTER 5 

CONCLUSIONS 
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Based on the experimental and theoretical work reported in this dissertation. 

the following conclusions can he made. 

5.1 Interaction of Metal Particles With A Model Dispersant and A 

Wetting Binder 

(1) A wetting hinder hased on a vinyl acetate-vinyl chloride copolymer 

containing carboxyl and hydroxyl fllnctionalities interacts strongly with 

metal particles. The adsorption of this binder onto the particles 

follows a Freundlich behavior. Adsorption results in the development 

of large positive zeta potential. 

(2) The interaction of a model dispersant. DEHPA. with a particle of 1500 

Oe coercivity was characterized by a molar heat in the range 14 - 28 

kcal/mole and 5 - 18 kcal/mole in hexane and THF. respectively. 

The heat and extent of adsorption of DEHPA from a hexane solution 

were higher than those from a THF solution. This indicates that both 

THF molecules and DEHPA species compete for the Lewis and 

Bronsted acid/base sites on particle surface. 

(3) Iron on the surface of metal particles appears to he in a mixed valence 

state. Iron in SN-l (high nickel) is at a lower oxidation state than in 



SN-3 (low Ni). The interaction of the binder with prewetted particles 

does not result in any significant shifts in Fe(2p) or Ni(2p) peaks in the 

XPS spectra. 

(4) Based on adsorption, XPS and zeta potential results it may be 

concluded that polymer adsorption on metal particles occurs via the 

anchoring of COOH groups but the number of anchor groups is small 

compared with the available Fe sites. 

(5) XPS analysis of untreated, DEHPA treated and binder treated cobalt 

modified iron oxide particles showed that the binding energy for 

Co(2p) peaks shifted to a lower value, indicating that the interaction 

takes place preferentially on the cobalt sites. 

5.2 Dispersion Quality of Magnetic Particle Inks Measured by DIMAG 

and Its Relation to Tape Quality 

195 

A magnetic probing technique known as DIMAG has been applied to characterize 

the dispersion quality of metal particle and cobalt modified iron oxide particle inks 

prepared at different dispersant and wetting binder concentrations. The correlation 

between the DIMAG signal and tape quality imply that dispersions with large 

negative DeON signals result in good quality tapes. The information on the strength 

of agglomerates may be obtained by measuring DeON values as a function of DC 

field strength. The results of this investigation clearly show that the DIMAG 
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technique is useful in a qualitative characterization of the dispersion quality of 

magnetic inks. This technique has the potential of providing information on 

optimum ink formulations. 

5.3 Degradation of Passivated Iron Particles in Humid Atmosphere 

Water uptake by passivated iron particles increased linearly with relative 

humidity ranging from 30% to 70% RH in the temperature range 30°C to 70°C. The 

water uptake by iron based metal particles used in this investigation appears to 

follow a Frenkel-Halsey-Hill type equation. A hydrophobic polymer coating 

significantly lowered the water uptake. A change in the ratio of core iron to oxide 

iron occurred on aging uncoated particles in humid atmospheres but the change was 

significantly reduced through polymer coatings. This is mainly due to the 

hydrophobic behavior of PVC, which prevents water in contact with particles. It is 

also found from the XPS measurements that particles aged in 85 °C/85% RH form 

hydroxide whereas surface oxide on particles coated with PVC remains unchanged 

after aging. 

5.4 Molecular Dynamics of Magnetic Particulate Dispersions 

A computational method based on the technique of molecular dynamics has 

heen developed for the simulation of spherical magnetic particles with dipole-dipole 

interactions as well as acicular magnetic particles with pole-pole interactions. The 
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model parameters include thermal agitation, thickness of the adsorbed layer through 

the strength of the steric interaction, fluid viscosity and external magnetic stimuli. 

Results of simulations of spherical particles have demonstrated that the basic 

structural components are chains of particles with aligned magnetic moments. In 

contrast suspensions of acicular particles contained several types of aggregates such 

as dimers, rings, chains and other combinations of the above. Fluid viscosity has also 

heen shown to have a significant effect on the dispersion stability. The application 

of an external magnetic field can hreak lip as well as reorient aggregates. These 

preliminary results show the potential for this approach to solve outstanding 

problems in the structure and behavior of suspensions of magnetic particles. 

Furthermore, the time integration step in the MD (time step = 6.76xlO-9 sec in this 

simulation) is very short and may he used to resolve short response times of the 

sllspension to externally applied magnetic field. The extension of other method, such 

as Brownian Dynamics, to the simulation can provide hetter approximation for larger 

time scale. 
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