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ABSTRACT 

This investigation was initiated by IBM to 

determine the types of cracks formed in hot-isostatic-

pressed (HIP) Ni-Zn ferrite under impact and static loading 

conditions. A 1/8-inch tungsten carbide (WC) ball was used 

to apply the load in both cases. The impact loading 

condition was accomplished by dropping the WC ball from 

various heights between 40 and 200 cm. The static loading 

condition was accomplished by applying loads of 10 kg, 

15 kg, and 3 0 kg on a Rockwell Hardness Tester. 

The response of HIP Ni-Zn ferrite to impact and 

static loading was elastic/plastic yielding permanent 

indentations. "Dimple" impressions, Hertzian-ring cracks, 

and radial cracks were formed upon applying increasing 
* 

loads to the HIP Ni-Zn ferrite. As the grain size of the 

material was increased, both the Hertzian-ring and radial 

cracks were formed at lower loads compared to the 

as-received samples. The "dimple" impressions were not 

observed to follow this trend. 

xi 



CHAPTER 1 

INTRODUCTION 

Magnetic ceramic materials have an important role 

in modern technology. Important applications include 

permanent magnets, tape heads with rapid switching times 

in digital computers, and circuit elements in various 

electronic appliances such as, radio, television, and 

microwave ovens. 

The read/write heads in modern digital computers 

are an important application for magnetic ceramic 

materials. In this application the rapid switching times 

of the magnetic domains of Ni-Zn ferrite were the critical 

factor in the selection of this material. However, after 

multiple contacts between the magnetic tape and the 

read/write heads, the magnetic properties of Ni-Zn ferrite 

are degraded. This degradation is associated with cracks 

and chips on the surface of the read/write head. This 

type of surface damage is a limiting factor in the life of 

read/write heads in modern computers. 

1 
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This study was initiated by International 

Business Machines Corporation (IBM) to determine the types 

of cracks formed at a single indentation site. In 

addition to this primary goal, the effects of the grain 

size and the fracture toughness on the propagation of 

cracks in Ni-Zn ferrite were explored. 



CHAPTER 2 

LITERATURE SURVEY 

2.1 General Features of Single-Indentation Fracture 

Patterns in Brittle Materials 

The essential features of the crack geometry in 

brittle materials for both blunt and sharp indenters and 

relevant fracture mechanics parameters are essentially the 

same. In both cases the indenter sets up a contact 

stress field, the tensile component of which provides the 

driving force for the ensuing fracture. If the applied 

load, P, were concentrated at a point on the specimen 

surface, the intensity of the stresses would vary 

according to the Boussinesq relationship which is an 

inverse-square relationship. However, real indenters have 

a stress-level cutoff at some finite limit within the 

contact region. With blunt indenters the cutoff is merely 

a manifestation of a redistribution in the load over a 

nonzero contact area whereas with sharp indenters it is 

associated more closely with the inability of the solid to 

sustain stress higher than some "yield" value.(!)(2) 

3 
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2.2 Blunt Indenters 

2.2.1 Crack Nucleation 

As the blunt indenter is loaded onto the brittle 

material, stresses are highly tensile in the shallow 

"skin" layer where preexisting surface flaws are found. 

The relevant fracture mechanics parameters are illustrated 

in Fig. 2.1. In this figure the preexisting surface 

flaws are indicated by Cf. The radius of the contact 

circle is a function of applied normal load, P, radius of 

the indenters, r, and the elastic constants of the 

material and the indenters (i.e. Poisson ratio, v and 

Young's modulus, E).(3) The relationship between the 

radius of the contact circle and these variables is given 

by Eq. [1], 

a=[4Kr/(3E) ] (V3)p(l/3) / [3.3 

where K=9/16[(l-v2)+(l-vl2)E/E']. 

K is a dimensionless constant involving the Young's moduli 

E, E', and the Poisson's ratios v,v' of the specimen and 
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the sphere respectively. The maximum load, pm' that is 

delivered by a sphere of velocity, V, is given by Eq. [2], 

Pm={2.41[E/K](2/5)p(3/5)r2}V(6/5)f [2] 

where p is the density of the impacting sphere.(4) As 

the stress level increases with load, one or more of the 

flaws nucleates a crack. 

2.2.2 Crack Formation 

The crack's path is around the contact circle (see 

Fig. 2.2b). The crack does not extend down into the 

material due to the restraining action of the "closure" 

stresses. Because the system must overcome an energy 

barrier, the newly formed ring crack does not extend 

spontaneously downward. The ring crack may be extended 

downward by mechanical forces (i.e. by an increase in the 

applied load) or subcritically by combined mechanical and 

chemical forces (e.g. by introducing a reactive 

environment into the system) until some critical depth is 

attained. Typically, this critical depth is equal to one-

tenth of the radius of the contact circle. 
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I—2R, 

2R 

Fig. 2.1- Parameters of Hertzian-cone-crack system which 
is characteristic of a blunt indenter. 
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2.2.3. Crack Propagation 

Once beyond the critical depth, the surface ring 

crack propagates unstably into a full Hertzian cone. This 

occurs at a depth approximately equal to the radius of the 

contact circle. The crack flares out to avoid the 

compressive zone below the indentation site. Increasing 

the driving force still further simply causes the cone to 

continue its propagation in a stable manner. This 

propagation is shown in Figs. 2.2c, 2.2d, and 2.2e. 

2.2.4. Cone Crack Closure 

Upon unloading, the system of cone cracks tends to 

close and heal to recover the stored elastic energy and 

surface energy (see Fig. 2.2f), but it is prevented from 

doing so completely because of mechanical obstructions at' 

the interface, namely, fracture steps, chips, and other 

debris. These mechanical obstructions can prevent the cone 

crack's closured5) 
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(a) 

(b) 

( c )  

v w • 

-W1 

(d) 

(e) 

( f )  

Fig. 2.2- Evolution of cone-crack pattern during one 
complete loading (+) and unloading (-) cycle. 
In (a) the white area is the compressive-stress 
field. 
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2.3 Sharp Indenters 

2.3.1 Crack Nucleation 

The indenter is considered sharp when the contact 

between the indenter and the material is essentially 

plastic. The term "plastic" is used loosely in this case 

to include any mode of irreversible deformation including 

densification. These types of indenters are typically 

diamond pyramids, diamond cones, and rigid spheres used in 

routine hardness testing.The relevant fracture 

mechanics parameters are shown in Fig. 2.3. 

The contact of a brittle surface and a rigid 

sphere warrants special mention at this point. Initially 

the contact is elastic, leading to the formation of the 

cone cracks as discussed previously. At contact loads 

above some critical value, irreversible deformation takes 

place beneath the contact site. A further increase in the 

contact load leads to "well-developed" plasticity and the 

formation of radial and lateral crack systems which are 

characteristic of elastic/plastic contact (see Fig. 2.4). 
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Rastic zone 

Radial crack 

Fig. 2.3- Schematic of elastic/plastic indentation by a 
regular indenter showing the location of a 
plastic zone and residual pressure. 
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Fig. 2.4- A schematic of elastic/plastic indentation by a 
sphere showing the plastic zone.(8) 
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The sequence of events for an entire indentation cycle is 

shown schematically in Fig. 2.5. In this case the crack 

evolution is more complex than for blunt indenters since 

the elastic/plastic field of the applied load is greatly 

modified by the effects of the residual stress 

field. (8) (9) 

At the start of the indentation cycle, the sharp 

point of the indenter produces an inelastic deformation 

zone (see Fig. 2.5a). The plasticity somewhat relieves 

the tension on the preexisting surface flaws in the 

contact area. The contact area's dimension is determined 

by the applied load, indenter shape, and the material's 

hardness. As a result of this phenomenon, the maximum 

tensile stress occurs directly below the indenter point. 

The crack nuclei are formed by a subsurface flaw which 

has passed its "yield" level.(10) 

2.3.2 Crack Formation 

When the tensile stress field reaches some 

critical level, one or more of the flaws grows suddenly 

into a subsurface, pennylike crack or "median crack". 

The median cracks grow on the planes containing the load 
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axis and the major impression diagonals. The growth of 

these cracks is shown in Figs. 2.5b and 2.6. As with the 

case of the surface Hertzian-ring cracks, the median 

cracks grow stably, but they are susceptible to 

environmental effects. The formation stage of the median 

cracks may continue to a depth approximately equal to the 

contact area depending on the indenter geometry.C11) 

2.3.3 Crack Propagation 

The increased applied load expands the contact 

area. The median cracks grow stably downward beneath the 

indenter and simultaneously upward to intersect with the 

free surface at the sides until the geometry tends 

ultimately to a semicircular profile with linear radial 

traces extending from the corners of the impression on the 

sample's surface. This critical stage is not as well 

defined as the corresponding Hertzian-cone development 

d i s c u s s e d  e a r l i e r . ( 1 3 )  
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(a) 

(b) 

( c )  

(d) 

(«) 

( f )  

Fig. 2.5- Evolution of median/lateral crack pattern during 
one loading (+) and unloading (-) cycle. Dark 
region represents plastic zone. Point loading 
and residual-stress fields indicated in (a) and 
(f), respectively.(12) 
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Fig. 2.6- Parameters of median crack system (lateral 
cracks not shown).(8) 
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2.3.4 Crack Closure 

Unloading the system causes the median cracks to 

partially close. Total closure is prevented by fracture 

debris and residual tensile stress. The residual stress 

effects are attributed to the incompatibility between the 

plastic zone and the surrounding elastic material. The 

mechanical mismatch sets up a compressive stress field 

beneath the indenter. However, near the base of the 

deformed zone, the development of hoop tensile stress may 

be actually opening any partially contained penny cracks 

to the specimen surface. 

Just prior to the complete removal of the 

indenter, the residual stresses become sufficient to 

initiate a completely new system of sideways-spreading, 

saucerlike "lateral cracks" (see Fig. 2.5e and Fig. 2.7). 

The lateral cracks continue to spread as the indenter is 

finally removed. These cracks may intersect the free 

surface to form a chip.(14) 



17 

Fig. 2.7- Lateral crack system. Residual force, Pr, 
exerted radially by an expanded plastic zone 
determines crack-driving force. Broken lines 
indicate median/radial crack system.(14) 
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2.4 Wear Studies and Mechanical Property Data 

for Ni-Zn Ferrite 

2.4.1 Introduction 

The majority of the work to date in developing 

soft magnetic materials has been concerned with the 

improvement of their magnetic properties. Course-grained 

materials are desirable, since the structure-sensitive 

magnetic properties such as permeability, coercivity and 

loss factor usually are maximized by keeping the number of 

grain boundaries and the residual stresses to a minimum 

(see Fig. 2.8).(15) The current trend in the computer 

industry is toward narrow-track recording which is 

idealized in Fig. 2.9.(*6) This trend requires maximum 

strength in thin sections. Fine-grained ferrite that has 

been hot isostatic pressed/ hot-pressed, or precision 

cold pressed and sintered give greater strength than the 

coarse-grained materials. The decrease in the magnetic 

properties in the fine-grained material is tolerable, but 

a significant decrease in the wear resistance is not. 
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Fig. 2.8- Magnetic properties as a function of grain 
size.(15) 
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HEAD 

^TAPE 

Fig. 2.9- A schematic view of a narrow-track recording 
head showing an idealized magnetic tape moving 
over only one of the tracks. In current 
technology, the magnetic tape has a width which 
passes over all six tracks at the same time.(16) 
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2.4.2 Wear Resistance of Ni-Zn Ferrites 

The wear resistance of Ni-Zn ferrite against the 

two most common types of magnetic tapes was documented by 

Kehr, Meldrum, and Thornley. (15) Figure 2.10 shows the 

depth of the wear caused by the Cr02 tape and two Y-Fe203 

tapes. Since there was only a small difference in the wear 

that the T-Fe203 tapes caused, the average of the two 

tapes is plotted. From Fig. 2.10 the trend toward 

decreasing wear resistance with the smaller grain size is 

evident. At this point there does not seem to be a fully 

satisfactory explanation for the influence of grain size 

on wear. 

A model for the wear of the ferrite tape heads was 

proposed by Potgiesser and Koorneef.(16) This model 

assumes that: 

a) a scratch on the surface of the ferrite is 

caused by only one hard, spherical particle 

jammed between the tape and the head's 

surface. 

b) the tape is perfectly flexible. 
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c) the scratch-depth can be calculated by a 

method similar to the Rubinowicz 

method(16) for conical particles. 

The schematic for this model is shown in Fig. 

2.11. The tape is lifted by a particle over a region of 

2a where a—2DR for D«R. The normal pressure, p, exerted 

by the magnetic tape on the head's surface is given by Eg. 

[3]: 

p=T/R. [3] 

The force on the particle can be calculated using Eq. [4], 

F=jra2p=27rDT. [4] 

This force allows the particle to penetrate the head 

material over a depth, A; therefore, this force must be 

related to the hardness of the head material as well as 

the apparent contact area as given in Eq. [5], 

F=TIX2H [5] 



23 

rnoo> 

2-03 -(80) 

1.S2 
E 
3 
a 
i 
"8 
-o 

-(60) 

-(40) 
Q As ground 

s AIVWIM. 900AC 

0.51 -120) 
#-

—O—o- T-F«2O3 UWS .  • - • •— 
.o_ 

I HO) 3.4 4.1 
8.1 

Averagt "" ('"nl 

as a function of grain size 

m.».«-  ̂ .sasr5nrsort5p- { i s )  



24 

PARTICLE 

2 a  
HEAD 

TAPE 

2 r  

Fig. 2.11- A schematic of the wear model for magnetic 
heads proposed by Potgiesser and Koorneef. 



26 

transversal, and longitudinal which differ in their mutual 

orientation of the plane of reflection, the magnetization, 

and the light propagation vector. By using this technique 

and by etching off the surface in layers, the effects of 

the surface damage on the magnetic properties of ferrites 

can be determined (see Fig. 2.12). 

2.4.4 Residual Stress due to Polishing 

In Sections 2.2 and 2.3 where the crack 

morphology due to blunt and sharp indenters was discussed, 

the surface of the material was assumed to be in a 

relatively unstressed state. However, the existence of a 

residual compressive stress due to mechanical treatments 

such as polishing and grinding has been documented by 

several authors.(16)(17)(18) Potgiesser and Koorneef(16) 

measured the curvature, K, after polishing one side of a 

platelet and by using Eq. [7]: 

K=6T/(Ed2), [7] 

where E is the Young's modulus and T is the total 

compressive stress integrated over the thickness of the 

surface layer, and d is thickness of the platelet. 
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By etching off the damaged surface layer in parts and 

simultaneously measuring the curvature, K, the variation 

of the compressive stress through the damaged surface 

layer is obtained (see Fig. 2.13). Johnson-Walls, Evans, 

and Marshall(17) determined that the thickness of the 

damaged layer and the residual stress increase with the 

hardness of the material, but are insensitive to grinding 

conditions over a limited range. By observing the bending 

of thin plates machined on one side and by using Eg. [8], 

t=Ed2/(6p(l-v)), [8] 

the product of the residual stress and the thickness of 

the damaged layer can be determined. This is shown in 

Fig. 2.14. 

Mecholsky, Freiman, and Rice(19) determined that 

there are two primary sets of flaws which are generated by 

grinding glass. The more severe set is oriented 

essentially parallel to the grinding direction whereas the 

less severe set is oriented perpendicular to the grinding 

axis. Mecholsky, Freiman, and Rice(19) determined that 

sixty to seventy percent of the observed flaws resulted 

from grinding. 
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Richerson(18) discussed the effect of the grinding 

direction on the strength of the ceramic material. The 

type of crack which controls the strength of the part 

depends on the orientation of the grinding grooves to the 

direction of the stress application. The location of the 

median and radial cracks with respect to the grinding 

groove is shown in Fig. 2.15. 

As a load is applied, the stress concentration 

will occur at the tips of the cracks which are perpen

dicular to the stress axis, but it will not occur at 

cracks which are parallel to the stress axis. The stress 

concentration will occur at the radial cracks for 

specimens ground in the longitudinal direction. For 

specimens ground in the transverse direction, the stress 

concentration will occur at the median cracks. The 

median/radial crack growth as a function of grinding 

direction and tensile-stress axis is shown in Fig. 2.16. 

Since the median cracks are most severe, the strength is 

expected to be lowest in the transverse grinding state. 
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Fig. 2.12- A plot of the thickness of the damaged surface 
layer vs the Kerr angle.(16) 
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Fig. 2.13- The variation of the compressive stress due to 
polishing ys depth below the surface of the 
sample. 
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Fig. 2.15- Schematic drawing showing the cracks and 
material deformation that occurs during 
grinding with a single abrasive particle. 
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2.4.5 Mechanical Properties of Ni-Zn Ferrite 

Various mechanical properties of Ni-Zn ferrite 

have been reported in the literature. The modulus of 

rupture, hardness, and density of Ni-Zn ferrite was 

reported by Kehr, Meldrum, and Thornley.(15) The modulus 

of rupture and Knoop hardness decreased with grain size 

whereas the density increased slightly with increasing 

grain size (see Fig. 2.17). The observed increase in the 

density was due to a more complete sintering of the 

ferrite. Snelling and Giles(20) reported the density, the 

ultimate tensile strength, the ultimate compressive 

strength, and the Young's modulus for Mn-Zn and Ni-Zn 

ferrites. These values are listed in Table 1. 
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Table 1: The Mechanical Property Data for Mn-Zn and Ni-Zn 

Ferrites. 

Density.ka/m3 UTS.MPa UCS.MPa Exl05,MPa 

Mn-Zn 4500-4900 29.9-63.7 196.1-588.4 0.88-1.5 

Ni-Zn 4000-5000 29.4-58.8 176.5-686.5 0.78-1.5 

UTS = Ultimate Tensile Strength 

UCS » Ultimate Compressive Strength 

E a Young's Modulus 

IBM supplied mechanical property data for Ni-Zn 

ferrite.(22) These data are listed in Table 2. 

Table 2: Mechanical Property Data of Ni-Zn Ferrite 

Supplied by IBM. 

Mechanical Property Value 

Elastic Modulus 1.91 x 105 MPa 

Shear Modulus 7.81 x 104 MPa 

Modulus of Rupture 1.99 x 102 MPa 

Poisson's Ratio 0.33 
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CHAPTER 3 

EXPERIMENTAL METHODS 

3.1 Introduction 

The experimental methods used in this investi

gation can be divided into two groups: impact and static 

loading. The impact test method used in this series of 

experiments was a free-falling-ball-drop test. The static 

loading methods involved using a Zeiss microhardness 

tester with Vickers and Knoop diamond indenters and a 

Rockwell hardness tester using a 1/8-inch diameter 

tungsten carbide (WC) ball. 

The purpose of each of these methods was to create 

one impact or indentation site. For each of these methods 

the crack morphology and the surface damage were deter

mined by optical microscopy. 

37 
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3.2 Pretest Treatment of the Ni-Zn Ferrite Samples 

In this section the processing steps of Ni-Zn 

ferrites will be briefly discussed in order to understand 

the pre-test conditions of the ferrite samples that were 

received from IBM. Because of the proprietary nature of 

this subject, only a general outline of the processing of 

Ni-Zn ferrites can be reviewed. 

The processing of Ni-Zn ferrite involves several 

steps. In the initial step in this sequence, the powder 

form of the oxides of iron, nickel, and zinc in their 

proper weight percent were placed in a ball mill to obtain 

their proper particle size distribution. Also, an organic 

binder was added in this step to improve the strength of 

the ferrite brick prior to sintering. This improvement is 

required so that the ferrite brick can be handled(21). 

The powder is then removed from the ball mill and 

mechanically pressed in a brick. After the brick has been 

pressed, it is sintered to achieve a density which is 

nearly 95 to 98 percent of its theoretical density. The 

next step in the processing of ferrite is the hot 

isostatic pressing (HIP). This step increased the 
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density of the brick to approximately 99 percent of the 

theoretical density, and it increased the strength of 

the material. The approximate sintering and HIP 

conditions are listed in Table 3.(24) 

Table 3: The Approximate Sintering and HIP Conditions for 

Ni-Zn Ferrites. 

T. C Time.hr Atmosphere P.ksi 

Sintering 1200 16 AIR 

HIP 1250 1 AIR 20 

where, T = Temperature 

P - Pressure 

After the Ni-Zn ferrite brick has been processed, 

it is put through a polishing sequence to achieve a mirror 

surface. This sequence starts with a rough grind. After 

this is completed, the ferrite sample is lapped on a Cu-Sn 

wheel with 6-jum or 3-nm diamond slurry for thirty minutes. 

The final polishing step uses a l-/um diamond slurry for 

fifteen minutes. The ferrite samples were received from 

IBM in this condition.(24) 
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The samples that were received from IBM were 

divided into four groups. The samples were heat treated 

in air as listed in Table 4. The samples in Groups 1 

through 3 were exposed to these time and temperature 

conditions in order to increase the grain size of the 

material. In addition, the residual stress due to 

polishing was relieved. The samples in Group 4 were to 

be tested in the as-received condition. This work was 

done at the University of Arizona. 

* 

Table 4: The Heat-Treatment Conditions of the Ferrite 

Samples. 

Group Temperature. C Time, minutes 

1 1150 10000 

2 1150 1000 

3 1150 100 

4 — 0 
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3.3 Determination of the Microhardness of 

Ni-Zn Ferrite with a Knoop Indenter 

A Knoop diamond indenter was used to determine the 

variation of the microhardness of Ni-Zn ferrite with 

annealing time. Loads of 15 g, 25 g, 50 g ,  7 5  g ,  100 g ,  

125 g, 150 g, and 175 g were applied for ten seconds using 

the Zeiss microhardness tester. The Knoop Hardness 

Number, KHN, was calculated using Eq.[9](25), 

KHN=14.228P/d2. [9] 
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3.4 Fracture-Toughness Determination 

With a Vickers Diamond Indenter 

A Vickers diamond indenter was used to determine 

the fracture toughness of the Ni-Zn ferrite. This method 

was proposed by Evans and Charles(26) and has been used by 

several investigators to determine the fracture toughness 

of various ceramic materials.(27)(28)(29) This method was 

also used by Johnson, Vogel, and Ghate(30) to determine 

the fracture toughness of Mn-Zn ferrites. 

In this investigation the relative fracture 

toughness was measured by an indentation method similar to 

that described by Evans and Charles.(26) A Vickers 

diamond indenter was loaded onto polished specimens. The 

lengths of the cracks were measured at 4 00X using an 

optical microscope. The crack length, c, was determined 

for each indentation as shown in Fig. 3.1. For each 

indentation all four crack lengths were measured. The 

applied loads, P, of 100 g, 300 g, and 500 g were applied 

to each sample for a ten-second period. Five 

indentations were made per load. Evans and Charles(26) 
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gave the following equation, Eq.[10], relating fracture 

toughness to crack length: 

Kic»P/(7rc)3/2, [10] 

where Kjq is the fracture toughness and c is the crack 

length. 

This method takes advantage of the unique 

characterization of the fracture caused by a Vickers 

indenter. This characterization enables fracture-

toughness data to be obtained by indentation to within an 

accuracy of ten percent if the Young's modulus of the 

material is known or within an accuracy of thirty 

percent if it is not known. 



Fig. 3.1- The method used to determine the crack length, 
c, in the determination of the fracture-
toughness of the Ni-Zn ferrite. 
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3.5 Free-Failinq-Ball-Drop Method 

The Free-Falling-Ball-Drop Method was designed to 

eliminate the disadvantages associated with the 

pendulum-impact method which was used in V. Wilson's(31) 

investigation. The only frictional forces in the Free-

Falling-Ball-Drop Method system were the buoyant and drag 

forces on the ball as it dropped through the air. The 

lower bound on the energy input was the mass of the 

1/8-inch tungsten carbide ball. 

The setup of the Free-Falling-Ball-Drop Method 

was derived from an experimental setup used by 

Gildea and Plewinski^32) which is shown in Fig. 3.2. 

There are.two major differences between the experimental 

setup used in this investigation and Gildea and 

Plewinski's. These differences are: a vacuum was used to 

hold a tungsten carbide ball in place (see Fig. 3.3) and 

the surface of the ferrite was put slightly in tension 

(see Fig. 3.4) by four-point bending. A piece of cardboard 

was placed over the sample to mask off certain areas so 

that impacts from different heights could be made on the 

same sample. The overall setup is shown in Fig. 3.5. 



46 

Cka SpulMW 
j./ Hni'iH •>« 

^7 

>777777777777777 

Fig. 3.2- The experimental method used by Gildea and 
Plewinski(32^ to impact stainless steel 
balls onto glass. 
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Fig. 3.3- The tungsten carbide ball held in place by a 
vacuum.(see arrow) 



Fig. 3.4- The four-point-bending apparatus holding the 
Ni-Zn Ferrite sample. 
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Fig. 3.5- The overall setup of the Free-Falling-Ball-Drop 
Method. 
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The test procedure for this experiment consisted 

of several steps. A clean ferrite sample was placed in 

the four-point loading holder. The four screws were 

tightened until they were finger tight, and then the 

screws were tightened in a crisscross pattern until each 

spring exerted a force of approximately 0.08 Newtons. The 

force exerted by each spring was determined by measuring 

the displacement of each spring after the screws had been 

tightened. The spring constants for each of the springs 

were determined by loading them with a known mass and 

measuring the displacement. The next step in the test 

procedure was to place the 1/8-inch tungsten carbide ball 

up to a pipet which was connected to the vacuum pump. The 

vacuum pump was then shut off and the ball impacted the 

ferrite sample. Five impacts were made from each height 

after which the height of the ball was changed. The depth 

of each impact was also measured using a Zeiss 

interference microscope. The impact damage was then 

examined in an optical microscope before and after the 

surface was etched with hot phosphoric acid for ten 

seconds. 
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3.6 Static Loading of Tungsten Carbide Ball 

Into the Ni-Zn Ferrite 

This set of experiments was designed to correlate 

the observed crack morphology in impact studies mentioned 

earlier with the slow loading or "static loading" crack 

morphology. To accomplish this a standard Rockwell 

Hardness Tester was used. A 1/8-inch diameter tungsten 

carbide ball was used instead of the steel ball normally 

used in the standard hardness test. Loads of 10 kg, 

15 kg# and 30 kg were applied in different areas to 

each of the Ni-Zn ferrite samples from the four different 

groups tested in this investigation. The resulting 

surface damage was documented by optical microscopy, and 

the depth of the resultant impressio,n was determined with 

a Zeiss interference microscope. 
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3.7 Determination of the Modulus of Rupture. MOR. 

of Ni-Zn Ferrite 

In addition to the indentation tests, a bend test 

(also referred to as a flexure test) was performed on 

three different groups of Ni-Zn ferrite samples. The 

Ni-Zn ferrite materials designated as NZ-4 and IBM were 

hot-pressed at Sumitumo and at IBM respectively. The 

third group of materials tested had been hot isostatic 

pressed (HIP) Ni-Zn ferrite. This group was designated as 

Sumitumo ferrite because it had been hot isostatic pressed 

at Sumitumo. All three groups of samples were tested in 

the as-received condition. The bend testing was conducted 

on the Instron test machine. The purpose of this test was 

to measure the maximum tensile stress at failure which is 

often referred to as the m.odulus df rupture or MOR. These 

experiments were performed on a limited scale in order to 

correlate the results of this investigation with previous 

work done at IBM. The MOR in these experiments was 

calculated using the formula in ASTM B406-70 which is Eq. 

[11]. The sample was broken in a three-point-bending 

mode. 



MOR=3pL/(2Bd2) 

where: p is the load at failure, 

L is the length of the span, 

b is the sample's width, and 

d is the sample's thickness. 



CHAPTER 4 

RESULTS 

4.1 The Variations in the Microstructure of Ni-Zn Ferrite 

Due to Annealing at 1150 C 

Annealing the Ni-Zn ferrite samples in air for 

periods up to 10,000 minutes changed the microstructure of 

the samples. The grain size of the samples increased with 

increasing annealing time. This is shown in Fig. 4.1. 

The grain size of the Ni-Zn ferrite samples was determined 

by using Hilliard's method in the ASM handbook. (33) To 

calculate the ASTM grain-size number, G, Eq. [12] was 

used, 

G=-10.00 - 6.641og(LT/PM). [12] 

Here, P is the total number of grain-boundary 

intersections made by a 10-cm test circle laid down five 

times to give a total length, 1^ (in cm), on a field 

viewed at any magnification, M. The ASTM grain-size 

number was converted to an approximate grain diameter by 

54 
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using Table 5.(34) This was done in order to compare the 

results of this study with those of Kehr, Meldrum, and 

Thornley.(15) Typical microstructures of the Ni-Zn ferrite 

samples in Groups 1 thru 4 are shown in Fig. 4.2 thru 4.5 

respectively. 

Table 5: The ASTM Grain-Size Number Corresponding to an 

Approximate Grain Diameter.(34) 

ASTM Grain-Size No. Approximate Grain Diameter, um 

-1 500.0 

0 354.0 

1 250.0 

2 177.0 

3 125.0 

4 88.4 

5 62.5 

6 44.2 

7 31.2 

8 22.1 

9 15.6 

10 11.0 

11 7.8 

12 5.5 
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Fig. 4.1- The variations of grain size in Ni-Zn ferrites 
with annealing time at 1150 C. 



The microstructure of the 10,000-minute-
annealed Ni-Zn ferrite sample from Group 
1000X 
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Fig. 4.3- The microstructure of the 1000-minute-annealed 
Ni-Zn ferrite sample from Group 2, 800X. 



The microstructure of the 100-minute-annealed 
Ni-Zn ferrite sample from Group 3, 800X. 
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Fig. 4.5- The microstructure of the as-received Ni-Zn 
ferrite sample from Group 4, 800X. 
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4.2 Knoop Microhardness Results 

The purpose for making Knoop microhardness 

measurements in Ni-Zn ferrite was twofold. First, it is 

an accurate method to determine the variation of the 

hardness with the grain size of Ni-Zn ferrite. An 

increase in the hardness would indicate increased wear 

resistance of the material. Second, Knoop microhardness 

has been used previously to determine the hardness of 

surface layers. 

The results from this part of the investigation 

are listed in Table 6. Generally, the microhardness of 

the Ni-Zn ferrite decreased with increasing grain size. 

This variation of the Knoop microhardness for the 175-g 

load with grain size is shown in Fig. 4.6. 
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Table 6: Summary of Knoop Hardness Data for Ni-Zn Ferrite 

Knoop Hardness Number 

Condition load, a 

of Ferrite 15 a 25 a 50 a 75 a 100 a 125 a 150 q 175 q 

1 416 538 681 840 725 916 746 834 

2 402 588 973 1007 787 931 849 946 

3 445 667 849 1036 868 963 967 1006 

4 538 783 872 1021 902 1036 998 1111 

The determination of the residual stress in the 

surface layer, however, was inconclusive. As indicated in 

Fig. 4.7, the variation in Knoop microhardness for the 

annealed ferrite brick is such that it includes the 

average hardness value for the as-received sample. 
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samples. 
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4.3 Determination of the Fracture Toughness of Ni-Zn 

Ferrite 

A Vickers diamond indenter was used to determine 

the fracture toughness of the Ni-Zn ferrite. The lengths 

of the cracks that were caused by the indenter were 

measured from the photomicrographs such as Fig. 4.8. Only 

the four cracks that originated from the corners of the 

Vickers indentation were measured. The data were used in 

Eq. [10] to determine how the fracture toughness varied 

with grain size. The results of these calculations are 

shown in Fig. 4.9. These results indicate that the 

fracture toughness decreased with increasing grain size. 

The higher fracture toughness of the as-received Ni-Zn 

ferrite samples indicates that it is more difficult to 

propagate a crack in these samples. A quick comparison of 

the length of the cracks in Figs. 4.8 and 4.10 confirms 

this point. 
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;**Ms*. 

Fig. 4.8- A Vickers indentation in the as-received sample 
of Ni-Zn ferrite made with a 500-g load, 400X. 
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GRAIN SIZE, nm 

Fig. 4.9- The variation of the fracture toughness with 
grain size for Ni-Zn ferrite. 



Fig. 4.10- A Vickers indentation in a 10,000-minute-
annealed sample of Ni-Zn ferrite made with a 
500-g load, 400X. 



69 

4.4 Results from the Free-Fallinq-Ball-Drop Method 

The free-falling-ball-drop method was used to 

characterize the sequence of crack formation under impact 

conditions. The typical crack formation sequence for all 

of the Ni-Zn ferrite samples in Groups 1 thru 4 was the 

formation of dimples, then Hertzian-ring cracks, and 

finally, radial cracks. 

This particular sequence is illustrated in Figs. 

4.11 thru 4.16 for the as-received Ni-Zn ferrite from 

Group 4. Figure 4.11 shows an undamaged area of this 

sample. The polishing scratches appear to be randomly 

oriented on the sample's surface. The surface damage that 

resulted from several tungsten carbide ball drops from 

40 cm is shown in Fig. 4.12. There are several areas 

where an impression has been made by the ball, but no 

cracks were formed. These "dimples" would seem to 

indicate that some limited plastic deformation is possible 

in Ni-Zn ferrite. A partial ring crack is shown in Fig. 

4.13. This was the result of an impact from a WC ball 

dropped from 100 cm. The completed ring crack was formed 
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when the WC ball was dropped from 120 cm. The complete 

ring crack is shown in Fig. 4.14. The radial cracks were 

formed after a 200-cm drop. The radial cracks are shown 

in Fig. 4.15 before and after etching. 

The same sequence of the Hertzian-ring crack and 

radial crack formation that was observed in the 

as-received ferrite samples from Group 4 was also observed 

in the annealed samples from Groups 1 thru 3. However, 

both types of cracks were formed at lower drop heights 

with increasing annealing time. This is shown in Figs. 

4.16 and 4.17. This result can be related to the observed 

decrease in the fracture toughness with annealing time. 

Both the Hertzian-ring crack and the radial cracks still 

propagate in a mixed intergranular/transgranular mode for 

all of the samples* This mixed mode propagation for both 

types of cracks is illustrated in Figs. 4.18 and 4.19. 

Grain size has only a secondary effect on crack 

propagation in Ni-Zn ferrite. 

The depths of the impact craters were measured 

using a Zeiss interference microscope. The depths at 

which the "dimples", complete ring cracks, and radial 

cracks were formed are listed in Table 7. The depths of 



the "dimples" varied between 14 and 27 nm. The 

impressions with complete Hertzian-ring cracks had depths 

between 105 and 109 jrn for as-received, 100-minute-

annealed, and the 1000-minute-annealed samples. The 

sample which was annealed for 10,000 minutes had a depth 

of 81 nm. This result was most likely due to the 

decreased fracture toughness of the material. The 

formation of the radial cracks occurred at depths between 

135 and 140 pm for all of the Ni-Zn ferrite samples in 

Groups 1 thru 4. This is an indication of the amount of 

deformation that is required to have elastic/plastic 

contact. 

Table 7: Data on the Critical Depths to Form "Dimples", 

Hertzian-Ring Cracks, and Radial Cracks in 

Ni-Zn ferrite. 

Critical Depths to Form, um 

Condition Hertzian-

of Ferrite Dimples Ring cracks Radial cracks 

1 

2 

3 

4 

27 

27 

14 

14 

81 

109 

105 

108 

135 

135 

140 

135 



Fig. 4.11- An undamaged area of the as-received Ni-Zn 
ferrite sample from Group 1, 2 0OX. 



Fig. 4.12- Impressions on the surface of a Ni-Zn ferrite 
sample from Group 4 after several impacts from 
a WC ball dropped from 40 cm., 10OX. 
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Fig. 4.13- A partial Hertzian-ring crack on the surface of 
the as-received Ni-Zn ferrite sample formed 
from an impact of a WC ball dropped from 
100 cm., 200X. 
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Fig. 4.14- A complete Hertzian-ring crack on the surface 
of the as-received Ni-Zn ferrite sample formed 
from an impact of a WC ball dropped from 
140 cm., 200X. 
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4.15- Radial cracks that were formed in the as-
received Ni-Zn ferrite sample after an impact 
from a WC ball dropped from a 200 cm height (a) 
unetched, (b) etched, 100X. 
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Fig. 4.16- WC-ball-drop height to form a complete 
Hertzian-ring crack in Ni-Zn ferrite as 
function of grain size. 
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Fig. 4.17- WC-ball-drop height to form radial cracks in 
Ni-Zn ferrite as a function of grain size. 
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Fig. 4.18- A section of the Hertzian-ring crack and the 
radial crack in the as-received sample of Ni-Zn 
ferrite showing the mixed intergranular/ 
transgranular mode of crack propagation for 
both types of cracks, 4 0OX. 
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Fig. 4.19- A section of the Hertzian-ring crack and the 
radial crack in the 1000-minute-annealed sample 
of Ni-Zn ferrite showing the mixed 
intergranular/transgranular mode of crack 
propagation for both types of cracks, 4 00X. 
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The diameter of the Hertzian-ring crack was 

measured for all of the impacts. The average values for 

each of the different heights used are shown in Fig. 4.20. 

The diameter of the complete Hertzian-ring crack ranged 

from 260 Mm to 280 jum for all of the samples tested. 

4.5 Results from the Static Loading Experiments 

This set of experiments was designed to correlate 

the observed crack morphology in the previously mentioned 

impact study with the slow loading or "static loading" 

crack morphology. To accomplish this goal, a Rockwell 

hardness tester with a 1/8-inch WC ball was employed to 

apply a load to the Ni-Zn ferrite samples in Groups 1 thru 

4. The crack morphology and the types of cracks that were 

discussed in the previous section were also observed in 

the static loading case. The ferrite samples were 

examined after the 10-kg, 15-kg and 30-kg loads 

were applied. Using the results of the 100-minute annealed 

sample as an example, the sequence of crack evolution as 

these loads were applied is shown in Figs. 4.21 thru 4.23. 

The application of the 10-kg load to all of ferrite 
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Fig. 4.20- Plot of the Hertzian-ring crack diameter versus 
WC-ball-drop height for Groups 1 through 4. 
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Fig. 4.21- The surface damage on the lOO-minute-annealed 
Ni-Zn ferrite sample after the 10-kg load on a 
Rockwell hardness tester was applied using a 
WC ball, 400X. 



Fig. 4.22- The surface damage on the lOO-minute-annealed 
Ni-Zn ferrite sample after the 15-kg load on a 
Rockwell hardness tester was applied using a 
WC ball, 200X. 
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Fig. 4.23- The surface damage on the 100-minute-annealed 
Ni-Zn ferrite sample after the 30-kg load on a 
Rockwell hardness tester was applied using a 
WC ball, 125X. 
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samples produced "dimple" impressions, but the depth of 

the impression was below 27 pm. The exception to this 

observation was the 10,000-minute annealed sample which 

had a complete ring crack. The depth of the impression on 

this sample was 40.5 pm. All of the samples had radial 

crack formation with the application of the 30-kg load. 

The depths of the impressions made with the tungsten 

carbide ball are listed in Table 8. 

Table 8: Data on the Critical Depths to Form "Dimples", 

Condition 

of Ferrite "Dimple" Hertzian-Ring Crack Radial Crack 

Hertzian-Ring Cracks, and Radial Cracks Using the 

Rockwell Hardness Tester. 

Critical Depths to Form, ttm 

1 81 189 

2 <27 54 135 

3 <27 54 135 

4 <27 54 135 
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The diameter of the Hertzian-ring crack was 

measured for all of the indentation sites. The average 

values of the diameters are listed in Table 9. With the 

exception of the 10,OOO-minute-annealed Ni-Zn ferrite 

sample, the complete Hertzian-ring crack has a diameter of 

approximately 220 (im to 225 jim. 

Table 9: The Values of the Average Diameter of the 

Hertzian-Ring Cracks which were Observed in Ni-Zn 

Ferrite in the Static Loading Test 

Average Values of the Diameter of the Hertzian-

Ring Crack, um 

Load As-received 100 min. 1000 min. 10000 min. 

10 kg 160 160 100 240 

15 kg 225 220 220 265 

30 kg 288 280 280 290 
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4.6 Determination of the Modulus of Rupture. MOR. of Ni-Zn 

Ferrite 

The determination of the modulus of rupture, MOR, 

of the three types of Ni-Zn ferrites under consideration 

was accomplished by using a three-point-bending fixture. 

Equation [11] was used to calculate the MOR of each type 

of ferrite. These results are summarized in Table 10. 

Table 10; Results of Three-Point-Bending Test to Determine 

the MOR of Various Ni-Zn Ferrites. 

Material MOR. MPa 

225.3±11.0 

241.5 ±48.3 
* 

198.7 ±35.9 

NZ - 4 

Sumitumo 

IBM 
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These results indicate a 4.3% to 20.0% scatter band 

for the various types of ferrites; however, this could be 

due to the small number of samples tested. A more reliable 

determination of the MOR would have tested thirty samples of 

each type of ferrite compared to five. This preliminary 

ranking indicates that the NZ-4 ferrite and the Sumitumo 

ferrite have approximately the same MOR whereas the IBM 

hot-pressed ferrite had a lower MOR. 



CHAPTER 5 

DISCUSSION 

5.1 Discussion of the Types of Cracks Formed in Ni-Zn 

Ferrite 

The types of cracks that were observed in the 

Ni-Zn ferrite samples tested in this investigation have 

been reported previously for other brittle 

materials.(1-14) After a load was applied to the Ni-Zn 

ferrite samples, Hertzian-ring cracks and radial cracks 

were formed. The lateral crack system which was observed 

in other ceramic materials was not observed in this 

investigation. The loads applied in this study were not 

sufficient to nucleate this type of crack. 

The "dimples" that were formed at low loads in 

both the static and impact loading cases are an indication 

that a small amount of plastic deformation is possible in 

Ni-Zn ferrite. LiF, NaCl, and MgO have been reported 

previously to undergo some limited plastic 
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deformation.(35) However, there is no previous report in 

the literature of this occurring in Ni-Zn ferrites. 

The formation of Hertzian-ring cracks and radial 

cracks in Ni-Zn ferrite has not been previously reported 

in the literature. However, Wilson's(31) investigation of 

the impact damage to Ni-Zn ferrite using the pendulum 

method showed both types of cracks form in hot-pressed 

Ni-Zn ferrite. A Hertzian-ring crack from Wilson's(31) 

investigation is shown in Fig. 5.1. The Hertzian-ring 

cracks in Wilson's study formed concentric circles 

whereas in this investigation only a single crack was 

formed. A comparison of Fig. 4.14 and Fig. 5.1 confirms 

this point. The Hertzian-ring cracks and the radial cracks 

in Wilson's study propagated in the same mixed 

intergranular/transgranular mode that was observed in 

this current investigation. This is shown in Fig. 5.2 for 

a section of the Hertzian-ring crack. Wilson*sC31) study 

also reported that small grains in the crack's path were 

popping out as the crack propagated. Conclusive evidence 

of this occurring in HIP Ni-Zn ferrite was not observed 

in this investigation. 
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Fig. 5.1- A typical Hertzian-ring-crack pattern observed 
in hot-pressed Ni-Zn ferrite. This pattern was 
generated when a steel ball mounted on the 
pendulum arm impacted the sample. The initial 
height of the pendulum arm was 13.5 cm, 
100X.(3°) 
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Fig. 5.2- A section of the Hertzian-ring cracks in hot-
pressed Ni-Zn ferrite showing that the cracks 
propagate in a mixed intergranular/transgranular 
mode, 800X.(3°) 
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5.2 Discussion of the Knooo Microhardness Results 

Knoop microhardness data has not been previously 

reported for HIP Ni-Zn ferrite. The data collected in this 

investigation does not follow a trend similar to the data 

reported by Kehr, Meldrum, and Thornley(15) for 

hot-pressed Ni-Zn ferrite bricks. Kehr et al. reported 

that the microhardness of Ni-Zn ferrite decreased slightly 

with increasing grain size. The HIP Ni-Zn ferrite has a 

higher microhardness as compared to the hot-pressed Ni-Zn 

ferrite. However, the microhardness of HIP Ni-Zn ferrite 

decreases more rapidly with increasing grain size. A 

comparison of the data collected by Kehr et al. and the 

data obtained in this investigation is shown in Fig. 5.3. 
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Fig. 5.3- A comparison of the Knoop microhardness data for 
hot-pressed Ni-Zn ferrite(15) and HIP Ni-Zn 
ferrite. 



5.3 Discussion of the Fracture-Toughness Results 

The fracture toughness of HIP Ni-Zn ferrite has 

not been reported previously in the literature. The 

fracture toughness should be determined by other methods, 

such as the double-torsion and the double-cantilever-beam 

methods. This type of comparison would provide a better 

correlation between the observed crack length in the 

indentation method and the fracture toughness. This type 

of correlation would be useful in future wear studies. 

5.4 A Comparison of Impact and Static Loading Damage in 

Ni-Zn Ferrite 

The response of the Ni-Zn ferrite to impact and 

static loading conditions was elastic/plastic yielding 

permanent indentations. The maximum load, Pm, in the 

impact loading case was calculated from Eq. [2] for each 

height from which the WC ball was dropped. The velocity 

of the WC ball was determined by equating the potential 

and kinetic energies of the WC ball. The radius of the 

contact area, a, was calculated from Eq. [1]. The 
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calculations for the radius of the contact area become 

invalid when the contact is elastic/plastic. The results 

of these calculations are listed in Table 11. 

Table 11: The Calculated Impact Loads from the Free-

Falling-Ball-Drop Method 

Droo Heiaht. m kg a. mm 

2.0 0.178 1.07 

1.8 0.167 1.05 

lt.6 0.156 1.02 

1.4 0.144 1.00 

1.2 0.131 0.97 

1.0 0.118 0.93 

0.8 0.103 0.89 

0.4 0.068 0.78 

The results of these calculations indicates that the load 

to form the "dimple" impressions, Hertzian-ring cracks, 

and the radial cracks is approximately two orders of 

magnitude less in the impact loading case as opposed to 

the static loading case. The formation of these cracks is 

strain-rate sensitive in Ni-Zn ferrite. 
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A comparison of the depth of the resulting 

impressions in the impact and static loading cases 

indicates some similarities and differences between the 

two types of impressions. The "dimple" impression in both 

cases had a depth of 27 /zm or less. The radial cracks 

were observed when the depth of the impression was 

approximately 135 /xm in both the impact and static loading 

cases. The formation of a complete Hertzian-ring crack in 

the static loading case, however, occurred at a depth 

which was approximately half that of the impact loading 

case. The 10,OOO-minute-annealed sample was the exception 

to this observation. This may indicate that the surface 

layer of this sample is not as strain-rate sensitive as 

the other Ni-Zn ferrite samples which were annealed for 

shorter times. 

The diameters of the resulting Hertzian-ring crack 

in the impact and static loading cases were similar. The 

diameter of the complete Hertzian-ring crack is in the 

range of 260 to 280 nm under impact loading conditions 

and between 220 to 265nm under static loading conditions. 
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5.5 Discussion of the Modulus of Rupture Results 

The results of the Modulus of Rupture, MOR, tests 

indicate the that MOR of the HIP Ni-Zn ferrite from 

Sumitumo in Japan is approximately the same as the hot-

pressed material, NZ-4. The variation of MOR with grain 

size which was reported by Kehr et al.t15) for hot-pressed 

Ni-Zn ferrite can be assumed to be valid for the HIP Ni-Zn 

ferrite material. 



CHAPTER 6 

CONCLUSIONS 

Annealing the Ni-Zn ferrite at 1.150 C increases the 

grain size, lowers the fracture toughness of the 

material, and decreases the material's hardness. 

The response of Ni-Zn ferrite to impact and static 

loading was elastic/plastic yielding permanent 

indentations. "Dimples", Hertzian-ring cracks, and 

radial cracks were observed to form in the Ni-Zn 

ferrite under these conditions. 

The radial cracks were formed when the depth of the 

indentation was equal to 135 jum in both the impact 

and static loading conditions for all the Ni-Zn 

ferrite samples tested in this investigation. 

A "dimple" impression was formed in all of the Ni-Zn 

ferrite samples tested in this investigation at a 

loads of 68 g (40-cm drop height) and 10 kg in the 

impact and the static loading cases, respectively. 
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5. Hertzian-ring and radial cracks formed at decreasing 

loads as the grain size of the HIP Ni-Zn ferrite 

increased. 

6. The load to form "dimple" impressions, Hertzian-ring 

cracks, and radial cracks is approximately two orders 

of magnitude less in the impact loading case as 

compared the static loading case. 
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