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PREFACE 

Since the discovery of alnico magnets in 1931 their properties have shown a steady 
increase. There are indications however, that a period of stability has been reached. 
It is the author's opinion that a breakthrough of this situation can only be achieved 
by the adoption of a radical approach to the structural problems. Consequently, the 
object of this thesis is to critically examine the influence of alloy and heat treatment 
variations on the microstructure and hence on the magnetic properties. It is to be hoped 
that the conclusions obtained from this examination can serve as a basis for further 
development. Since the alnico alloys are at the centre of interest in permanent magnet 
research, parts of the described results have already been published elsewhere. 

I wish to express my gratitude to Prof. Dr. J. D. Fast, through whose instigation 
preparation of the thesis started, and by whose stimulating criticism and continual 
encouragement the work became reality. 

In the electron microscope study I was particularly fortunate in having the opportu
nity to make use of the capability of Messrs. N. Schelling and F. Sinot. Further, the 
conscientious experimental approach of Mr. J. van Oekel was of great value. 

I was able to profit considerably from enlightening discussions with Dr. Ir. C. W. 
Berghout and Dr. Ir. H. Zijlstra. I am also particularly grateful to Mr. T. C. Wallbank 
B.Sc., A.I.M., whose constructive comments were of great assistance. 

To N.V. Philips' Gloeilampenfabrieken for permission to publish this work in the 
form of a thesis I am deeply indebted. Finally, I should like to record my indebted
ness to the management of the Metallurgical Laboratory for making possible my 
continued preoccupation with these problems and to all those who contributed in 
any way to this thesis. 



GENERAL INTRODUCTION 

The majority of permanent magnets are manufactured from alloys of iron, nickel, 
alumin:um and cobalt because of their excellent and versatile magnetic properties. 
These alloys, marketed under different names, are usually referred to as "alnico 
alloys". The foundation for the development of the alnico materials was laid in 1931 
by Mishima 1

), who discovered that a certain group of Fe-Ni-Al alloys was suitable 
for permanent magnets. In particular, the alloys containing 25-30% Ni and 12-
15% Al *) have an energy product of approximately 1 x 106 gauss oersted with a 
coercivity of about 600 oersted, which was more than twice that of the best cobalt 
magnet steels then obtainable. 

By adding Co and Cu to these "alni alloys" the BHmax value could be raised 2
). 

Towards the end of the thirties, alnico magnets having energy products of 1.5-1.8 
x 106 gauss oersted were being produced on a commercial scale. 

In 1938 Oliver and Shedden 3 ) announced that anisotropy could be obtained by 
cooling an alloy containing 12.5% Co, 17% Ni, 10% Al, 6% Cu, balance Fe, in a 
magnetic field. The anisotropy resulted in a twenty percent increase in BHmax in the 
preferred direction coinciding with the field direction during cooling. Jonas and 
Meerkamp van Embden 4

) were able to raise the energy product appreciably by 
subjecting alnico al oys with a cobalt content between 16 and 30% to magnetic 
field cooling. This resulted in the commercially very important anisotropic Alnico 5 
magnets**), containing 51% Fe, 24% Co, 14% Ni, 8% Al and 3% Cu, having an 
energy product of 4.5 - 5.0 x 106 gauss oersted and a coercivity of 600-630 oersted. 

Shortly after World War II various investigators, including Ebeling 5 ) and Dean 6
), 

found that the quality of Alnico 5 (Ticonal G) magnets could be further improved by 
introducing a crystal orientation. A single crystal of this material will exhibit an 
energy product as high as 8.7 X 106 gauss oersted and a coercivity of 760 oersted if, 
during heat treatment, the magnetic field is applied parallel to a (1 00) direction. 
Today semi-crystal-oriented Alnico 5 magnets with an energy product of about 
5.5 6 x 106 gauss oersted (He .~ 670 oersted) are being produced in large quan
tities. Recently in different places a start has been made on regular production of 
Alnico 5-type permanent magnets with a more perfect crystal orientation, having an 
energy product of 7.5 8.5 x 106 gauss oersted 7

•
8
). These fully crystal-oriented 

magnets find a large application in television loudspeakers, having very low leakage. 
The addition of niobium and tantalum has been shown to have a favourable in

fluence on the coercivity of alnico alloys 9
). Nb-bearing alloys are produced on a 

large scale, particularly in Great Britain. Using the principle of crystal orientation 
for an alloy similar to Alnico 5, but containing 0.8-2% Nb or 1.6-4% Ta, a BHmax 
of 8.5-9.0 x 106 gauss oersted and a coercivity of800- 950 oersted can be achieved 10

). 

*) The symbol % always indicates percentage by weight, unless otherwise stated. 
**) The trade mark of N.V. Philips' Gloeilampenfabrieken is Ticonal G. 
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As early as 1934 Honda et al. tt) drew attention to the high coercivity of age
hardenable alloys of Fe, Co and Ni, containing Ti and a small percentage of AI. 
Ti appeared also to have a favourable effect on the coercivity of alnico-type alloys, 
which led to the development of magnets with coercivities up to 1200 oersted 12

). 

Today, anisotropic magnets are being manufactured from an alloy containing 34% 
Co, 14.5% Ni, 7.0% AI, 4.5% Cu, 5.0% Ti, balance Fe (Alnico 8) *), having an 
energy product of about 5 x 106 gauss oersted in combination with a coercivity of 
about 1500 oersted. These values can only be achieved by means of a special isothermal 
heat treatment in a magnetic field 13

). 

Experience has shown that crystal orientation in the Ti-bearing Alnico 8 (Ticonal X) 
alloy is much more difficult to achieve than in Alnico 5. Using laboratory techniques, 
Luteyn and de Vos 14) succeeded in preparing crystal-oriented magnets of this alloy 
displaying an energy product of 11 x 106 gauss oersted. 

During the last few years the solidification of Ti-alnico alloys has been the object 
of various investigations. By a severe control of the freezing conditions Naastepad 15) 

has succeeded in developing a method for making fully crystal-oriented Alnico 8 
magnets in a reproducible way. Recently, even a BHmax value of ~ 13 x 106 gauss 
oersted was measured on a single crystal of this material with a slightly different 
composition. The demagnetization curve of this specimen is shown in 1. 

~-+--Jl~~~~dt::±::j:==t:=Jm] 
" -++-~~-+--1---+-~--~--48~ 

',, ~ 
c: 

6 .e g ., 
4 ·G 

,, 2 I 
~~~~-=~~--~--~~~-L~,,~oo 

-1600 -1200 -800 -400 
field strength H (oersted) -

Fig. 1. Demagnetization curve of Alnico 8, containing 35.0% Fe, 34.8% Co, 14.9% Ni, 7.5% AI, 
2.4% Cu and 5.4% Ti, isothermally heat treated for 10 min at 820 °C, subsequently cooled at a rate 
of I 0 Cjsec, and tempered for 2 hrs at 650 °C + 20 hrs at 585 °C. Br 11500 gauss, He 1525 
oersted, BH max = 13.4 X 106 gauss oersted. 

In addition, production of crystal-oriented Alnico 8-type magnets was shown to 
be possible with the aid of normal chilling techniques, by adding a small amount 
(order of magnitude 0.1 %) of S or Se to the melt 1 6 ) **).As a result of these develop
ments some crystal-oriented versions of Ti-alnico alloys are now commercially 
available. An interesting application of this material is in a small permanent magnet 
motor for electric watches 18

). 

*) Ticonal X 
**) Wittig 17) found that the elements cerium, lead, cadmium or bismuth are also effective. 
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In tJlis time of progressing miniaturization one may ask if the energy product can 
rise considerably above the value of 13 X 106 gauss oersted previously mentioned. 
It is almost certain that such an improvement will be brought about by an increase 
of the coercivity. Following the work of Koch, van der Steeg and de Vos 10), an 
Alnico 8-type alloy containing 40% Co and 7.5% Ti, with a coercivityof1900-2000 
oersted, was independently developed by Wyrwich 19) and Planchard et al. 20). Up 
to the present time no magnetic properties for a single crystal of this alloy have been 
reported. However, since the saturation magnetization amounts to only 9000 gauss 
approximately, it is not to be expected that the energy product will rise much above 
the value attainable for the normal Alnico 8 composition (4.n/, ~ 12000 gauss). 
Obviously the aim is to enhance the coercivity without a considerable decrease in the 
saturation magnetization. There is no doubt that for the realisation of this a clear 
insight into the relationship between microstructure and magnetic properties is 
absolutely necessary. 

The thesis which follows examines, in particular, the influence of composition 
and heat treatment variations on the microstructure, and hence on the magnetic 
properties of alnico alloys. 

Chapter 1 reviews the present state of knowledge concerning the nature of the 
permanent magnet structure. The conclusions drawn from this serve as a basis for the 
original work to be described in subsequent chapters. 

Chapter 2 deals with the relationship between microstructure and magnetic prop
erties of alni alloys. Particular emphasis is given to the character of the structural 
decomposition process. 

In Chapter 3 it has been described how far the results of the electron microscopical 
investigations are consistent with the advanced theoretical ideas on the formation 
of an elongated precipitate and its orientation by thermomagnetic treatment. 

Final consideration is given in Chapter 4 to the structural changes brought about 
by tempering. 



CHAPTER 1 

NATURE OF THE PERMANENT MAGNET STRUCTURE - A LITERATURE 
SURVEY 

1.1. Phase relations 

The first constitutional diagram for the Fe-Ni-Al system was published by 
Koster 21 ). According to this, at high temperature (R:3 1000 oq the Mishima per
manent magnet alloys consist of one single bee phase a which, at lower temperatures, 
is in equilibrium with a fcc phase y. X-ray investigations by Kiuti 22) and by Bradley 
and Taylor 23

) resulted in a complete reconstruction of the Fe-Ni-Al equilibrium 
diagram. According to these investigators the Mishima alloys break down at lower 
temperature, not into a y, but into two bee phases a and a' *). In 2 part of 
the diagram proposed by Bradley and Taylor is reproduced. 

10 20 30 40 50 60 70 
-- aluminium (at.%} 

Fig. 2. Part of the Fe-Ni-AI phase diagram, based on X-ray work for alloys cooled at 10 °C/hr. 
After Bradley and Taylor 23), with change of notation. 
a bee with CsCI superlattice 
a' bee 
y fcc 

Dannohl 24
) suggested that the three-phase region a + a' y must be com-

prised of alloys with higher AI content than indicated by Bradley and Taylor. 
However, microscopical studies by Bradley 25 ) into the exact position of the a _:__ y 
and the a a' phase regions led to the conclusion that Dannohl's suggestion was 
not in accordance with the facts. 

*) The symbols a and a' have now generally been adopted for the two bee phases which oecur in 
alnico alloys. They correspond to the symbols fJ' and {J used by Bradley 25). 
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The results of an extensive, but little known, X-ray investigation into the phase 
relations of various alnico alloys by Oliver and Goldschmidt 26) are too complex 
to fully describe here, but they are in part not inconsistent with the results of the 
investigations discussed below. 

Geisler 27) who examined a number of alnico alloys, including the highly important 
Alnico 5 alloy, found that after annealing at 600, 700 and 800 °C, two bee 
phases a and a' were present. He was of the opinion that the a + a' miscibility gap 
of the ternary Fe-Ni-Al system extended considerably into the quaternary Fe-Co-Ni-Al 
system. 

The phase relations of three commercial alnico alloys in the equilibrium state, 
namely Alnico 5, a modified Alnico 5 *) and Alnico 8, have been described by Koch, 
van der Steeg and de Vos 28

) who made use of a high-temperature X-ray unit. 
For Alnico 5 one single bee a phase, having the CsCl superlattice, exists above 

1200 °C. Between 1200 and 850 oc a fcc phase (y 1) precipitates, which cannot be 
supercooled to room temperature but during cooling spontaneously transforms into 
a bee structure with the same lattice parameter as the a phase. Below 850 cc (i.e. the 
Curie temperature) the alloy consists of two bee phases, one of which is identical with 
the a phase; the other (a') has only a slightly different lattice parameter but no 
superstructure. After tempering for about two months at 600 oc faint traces of ano
ther fcc phase y 2 are detectable. 

The phase relations of Alnico 5 modified with niobium are similar to those of the 
basic alloy, except that a hexagonal e phase appears below 1200 cc closely related 
to the intermetallic compound Fe2 Nb **). 

The phases occuring in Alnico 8 are the same as those in Alnico 5. The superlattice 
lines of the a phase are, on the whole, weaker than in the case of Alnico 5, especially 
after quenching from above 1200 oc. The y 1 phase exists over a wider temperature 
range; it is stable even below the Curie temperature of the material ( R::; 850 °C). As 
in the case of Alnico 5, the a' phase appears below 850 oc but under equilibrium 
conditions the difference in lattice parameter between a and a' is much larger. The y2 

phase is already detectable after tempering for 30 hours at 600 °C. 
No evidence for the presence of Y1> y 2 and e was found in the magnetically optimum 

state of these alloys. In this condition, however, side bands accompanied the main a 

reflections in the Debye-Scherrer patterns. A similar effect has been found in the fcc 
Cu-Ni-Fe alloys by Daniel and Lipson 30), who interpreted this in terms of a 
sinusoidal composition fluctuation. Alternative models for side band effects have 
been proposed by Hargreaves 31

) and Guinier 32
). Further experiments must be 

conducted before the actual mechanism for alnico alloys can be defined. 

Over the last decade electron diffraction has been used in addition to X-ray techni
ques for investigations into alnico alloys 33

•
34

•
35

). These diffraction investigations, 
using both transmission and reflection techniques, have indicated the presence of a 

*) Composition: 24% Co, 14% Ni, 8% AI, 3% Cu, 2% Nb, bal. Fe. 
**) Laves-type phases have also been found by Higuchi 29) in Alnico 5 containing Zr or Ti. 
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fcc phase in the optimum condition. This phase is considered by the authors to be 
transitional rather than stable. However, the conflicting results obtained stimulates 
the thought that such a phase was due to surface contamination, as indicated previously 
by Snoek 36

). 

From all these investigations it might be concluded that the coercivity of alnico alloys 
primarily results from the breakdown of a high temperature bee a phase into two bee 
phases a and a', which are not necessarily truly distinct. 

1.2. Morphology 

In the preceding section we came to the conclusion that in all probability there is 
a definite link between the coercivity of alnico alloys and the presence of the a + a' 
structure. Additional information on the precise reason for magnetic hardness in 
alnico-type alloys has been gained from metallographic investigations. The earlier 
investigators, only having at their disposal the optical microscope, were not able to 
reveal the structure of the alloys in the optimum permanent magnet state. Utilization 
of the electron microscope resulted in a great advance. This found expression in the 
work of Heidenreich and Nesbitt 33

) who studied the structure of Alnico 5, using 
an oxide replication technique. Single crystals of the material were heat treated in 
different ways, after which they were aged at 800 °C in order to make the structure 
clearly visible under the electron microscope. The authors found a rod-like precipitate, 
called "permanent magnet precipitate", which had a natural tendency to grow along 
the (100) directions of the matrix, and to group into plate-like rows. With no magnetic 
field during heat treatment the cubic symmetry in the arrangement of the precipitate 
was obvious. Precipitation was confined to a single (100) direction by a field along 
that direction. By extrapolating to zero ageing time they estimated the size of the 
permanent magnet precipitate to be not less than 75 x 75 X 400 A, whereas the average 
separation between rows of rods was about 200 A. On the basis of their experiments 
the authors visualized a structure in which elongated single domains of precipitate 
material are parallel with single domains of matrix material. They considered the 
precipitate to be rich in cobalt and to have a higher Curie temperature, whereas the 
matrix had the larger volume. 

Although knowledge of the morphology and geometry of the duplex structure of 
Alnico 5 was undeniably advanced by the work of Heidenreich and Nesbitt, their 
experiments were not completely satisfying, because they did not succeed in obtaining 
metallographic information on the very fine precipitate in magnets with optimum 
properties. Using very thin thermal oxide replicas, Kronenberg 37 •38) succeeded in 
obtaining some information about the structure of this alloy in the optimum per
manent magnet state. However, his electron micrographs were insufficiently distinct 
to give much information. A refinement of this replic.lltion technique brought Fahlen
brach 39) rather more success. From his electron micrographs he obtained the im
pression that after cooling Alnico 5 in a magnetic field, tProidal precipitates occur 
possessing an external diameter of 200 A and a length of 500 A. Tempering of this 
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material to achieve optimum properties resulted in particles having a width of 400 A 
and a length of about I 000 A, dimensions similar to those measured by Schulze 40), 

who concluded that the precipitate was in the form of bars with a diameter of 360 A 
and a length of 1200 A. 

Using carbon replicas, de Jong, Smeets and Haanstra 41 ) succeeded in making 
excellent electron micrographs of alnico alloys with optimum magnetic properties. 
They reported dimensions of about 300 x 300 X 1200 A for the rod-like precipitate 
in Alnico 5, which is in reasonable agreement with the values given in the above 
mentioned publications 39 •

40
). Moreover, these authors found that the structural 

elements of Alnico 8 are appreciably longer, and thinking in terms of shape aniso
tropy, they established a qualitative relationship between the coercivity and the 
differences in microstructure of both alloys. 

In addition to the electron microscopical investigations, torque measurements 
support the view that shape anisotropy is a decisive factor in determining the coercivity 
of alnico alloys. In this respect the work of Nesbitt, Williams and Bozorth 42

) is 
noteworthy. They compared the torque on single crystals of an alloy with 50 at.% Fe, 
25 at.% Ni and 25 at.% AI in the optimum magnetic condition to those of a model 
built up from annealed Mo permalloy wire, embedded in a synthetic resin, in three 
mutually perpendicular directions. Torque curves obtained on single crystals in the 
(100) and (110) planes respectively, show qualitatively the same effect as those 
obtained on the crossed wires; in both cases the torque decreases with increasing field. 
The authors calculated that only in an infinite field would the torque of the crossed 
wires be reduced to zero. In the case of the single crystals however, the situation 
appeared to be more complicated, since the torque measured with increasing field 
reduces to zero at a finite field strength and then changes sign. This was attributed 
to the presence of crystal anisotropy in addition to shape anisotropy, the former 
having an easy direction of magnetization at some angle to that of the latter. The 
relative importance of the crystal and shape anisotropy has been determined and as 
a result it was concluded that shape anisotropy accounts for about 75 percent of the 
coercivity. 

Nesbitt and Williams 43
) also made torque measurements on single crystals of 

Alnico 5. For a sample heat treated without a field they obtained torque curves similar 
to those ofthe above mentioned ternary alloy. Torque curves of a single crystal (100) 
disk, heat treated in a field perpendicular to its face, showed that the precipitate acts 
magnetically as if it were plate-like. Peak values of torque versus 1/H indicate almost 
zero crystalline anisotropy in this alloy for the optimum permanent magnet state. 

Summarizing both X-ray and metallographic findings it can be concluded that the 
coerdvity of alnico alloys can principally be interpreted in terms of shape anisotropy 
of two finely-divided bee "phases" a and a'. This conclusion serves as a basis for the 
work described in the subsequent chapters. 



CHAPTER 2 

MICROSTRUCTURE AND MAGNETIC PROPERTIES OF ALNI ALLOYS 

2.1. Introduction 

Although the above accumulated evidence strongly indicates that the coercivity of 
alnico alloys is associated with the shape anisotropy of the two phases a and a', 
various particular problems still have to be looked into. The relationship between 
microstructure and magnetic properties of alni alloys is one of the problems to be 
solved. Moreover, since the behaviour of the ternary and more complex alloys is 
basically similar, the results obtained. from the study of the Fe-Ni-Al system which 
follows, may give an insight into the general nature of the whole group. 

There are already numerous publications on the variation of magnetic properties 
of alni alloys with heat treatment and composition 2

•
44

). However, they confine 
themselves to a relatively narrow region around the commercial alloys containing 
about 50-60 at.% 20-25 at.% AI and 25-30 at.% Ni, while none of them deals 
systematically with the corresponding microstructures. In connection with the above, 
the magnetic properties after various heat treatments were determined for a wide 
range of alloys, most of which lie along the Fe-NiAl line in the Fe-Ni-Al phase 
diagram (Fig. 3). The iron content of the alloys was varied between 20 and 80 at.%. 

m ~ H m ~ ~ ro oo • 
- aluminium (at.%) 

Fig. 3. Isothermal section of the phase diagram for the Fe-Ni-Al system at 750 °C, based on a 
microscopical study of Bradley 25 ), with change of notation (see Fig. 2). Full circles: alloys investi
gated by the present author. 

According to Bradley 25) the Fe-NiAlline approximately corresponds to the direction 
of a tie line in the a + a' region. The vertical cut made along this line may therefore 
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Fig. 4. The Fe-NiAl section of the Fe-Ni-Al phase diagram, after Bradley 25), with change of nota
tion (see Fig. 2). Broken line corresponds to the author's experiments. 

be considered as a pseudo-binary system, in which Fe and NiAl are the respective 
components (Fig. 4). 

As the usual replicating techniques were unsatisfactory in revealing the finer details 
of the microstructure, a more refined method was first developed for the electron 
microscopical investigations. Useful additional information could be obtained by 
measuring the magnetization and the coercivity as a function of temperature. 

In the next section, the preparation of the alloys will first be described; a short 
description of the apparatus used for the magnetic measurements will then be given, 
and finally the new replicating technique will be explained. 

2.2. Experimental 

Preparation of the alloys 

The melting of the alloys was carried out with a molybdenum resistance furnace. 
The component metals, Armco iron, commercial pure aluminium and Mond nickel 
pellets, were melted in charges of about 700 gram in sillimanite crucibles, under a 
protective atmosphere of hydrogen and nitrogen in a volume ratio 1 : 3. Immedia
tely before casting only nitrogen was applied as a protective gas in order to prevent 
gas porosity during solidification, in quartz tubes with an inner diameter of about 3 mm. 
Particulars of the heat treatments are given in the appropriate sections. 

Measurement of the demagnetization curve 

The demagnetization curves of the samples were measured ballistically, using an 
apparatus as schematically represented in Fig. 5. The apparatus consists of a vertical 
water-cooled solenoid A, producing an approximately homogeneous magnetic field, 
and a measuring unit C. The measuring unit consists of two coils, namely the meas-
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Fig. 5. Cross sectional view of an apparatus for measuring ballistically the demagnetization curve of 
rod-like samples. The significance of the letters is given in the text. 

uring coil C1 , placed in the centre of the solenoid, and the so-called compensation 
coil C2 approximately 50 mm lower. The coils are connected in series and wound in 
opposite directions, thus cancelling the influence of external field variations. By pulling 
the specimen B out of the measuring coil C 1 , an electric voltage is induced, deflecting 
a galvanometer. Overlooking a correction for the returning flux within the measuring 
coil due to the free poles of the rod this deflection is proportional to the magnet
ization intensity of the sample. 

The real value of magnetization 4nl is connected with the measured value 4nl,. 
by the equation 

4nl 4nlm (1 -'-- c) 2.2.1 

The correction factor c is dependent on the effective diameter D of. the measuring 
coil, the diameter d and the length I of the sample. It has been shown by Ellenkamp 
and de Vries 45

) that the value of c can be calculated from the formu'a 

c 0.49(~)-2 ~(dl2 (l/~- 1) + 1 ~ 
,D ( \DJ . D I ' 

2.2.2 

The internal magnetizing field H; can be calculated from the field Hu produced by 
the solenoid and the demagnetizing field Hd of the rod according to the equation 

H; Hu-Hd 2.2.3 

The demagnetizing field is given by the formule 

2.2.4 

where N is the demagnetization coefficient of the sample and is dependent on its 
dimensional ratio. The demagnetization coefficients of the cylindrical rods are taken 
from Bozorth and Chapin 46

), assuming a rod permeability ,u oo. 
The accuracy of the measurement of I and H is within one percent. 
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Measurement of the magnetization and the coercivity as a function of temperature 

For the measurement of the magnetization as a function of temperature an instru
ment has been developed 47

), based on the principle of the vibrating sample magneto
meter described by van Oosterhout 48

). This instrument was further developed by 
Ellenkamp 49

) for recording the coercivity as a function of temperature. The block 
diagram of the instrument is shown in Fig. 6. The magnetizing field is produced by 
a solenoid A. In this solenoid a furnace B is placed, in which two heat resistant search 
coils C and C' are connected in series and wound in opposite direction. The vibra
ting sample D induces an alternating voltage in the two coils. After amplifying (F) 
and rectifying (G), the voltage is proportional to the magnetization of the sample. 
During the measurement of the magnetization at a constant field (usually 5000 oersted) 
as a function of temperature the detector output is connected to the Y terminal of 
the recorder I. The X terminal of the recorder is connected to a thermocouple E 
which is pressed against the sample. A plot of the magnetization as a function of 
temperature is obtained while the furnace is gradually warmed up. 

L 

Fig. 6. Schematic diagram of an instrument for recording magnetization and coercivity of a sample 
as a function of temperature, after Ellenkamp 49). The significance of the letters is given in the text. 

During the measurement of the coercivity as a function of temperature the detector 
output commands an electronic relay H with the two-way switch K. The relay reverses 
the position of K as soon as the polarity of the input signal changes its sign. The switch 
either connects the Y terminals of the recorder to a low value resistor Lin series with 
the magnetizing solenoid A, which delivers a voltage proportional to the magnetizing 
field, or short-circuits them. A measuring cycle begins with the saturation of the 
sample, during which operation the Y deflection of the recorder becomes negative. 
(The pointer is, however, stopped at the lower end of the scale.) Now the current 
through the solenoid is decreased to zero and increased in the opposite direction; 
during this process the Y deflection becomes positive and increases until the coercivity 
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Fig. 7. Electron micrograph of the a + y structure for an alloy containing 35 at. /~Fe, 25 at. % Al 
and 40 at./~ Ni, annealed for 45 min at 1050 °C. Oxide layer (greyish) on the AI-rich a phase. ( x 6000) 

is reached. At this moment the relay moves the two-way switch K from the right to 
the left position, and the Y deflection drops to zero again, thus leaving a trace on the 
record chart, the length of which corresponds to the coercivity. A plot of the coercivity 
as a function of temperature is obtained by repeating this procedure a suitable number 
of times while the furnace is warmed up. 

Replicating technique 

At the International Conference on Electron Microscopy in Berlin, de Jong et 
al. 50) pointed out that for electropolishing Alnico 5 and Alnico 8 good results can 
be obtained by employing a solution of chromium trioxide in glacial acetic acid. 
Later investigations of de Jong 51) indicated that the use of this solution sometimes 
led to the formation of an undesired surface layer. Using the above solution for 
electropolishing, the present writer, in experiments with ternary Fe-Ni-Al alloys 
consisting of two phases of known composition, found that the surface layer is 
inclined to develop more readily on the phase rich in aluminium. This is demonstrated 
by the electron micrograph of a replica taken from a ternary alloy, containing 35 at.% 

25 at.% Al and 40 at.% Ni, annealed for 45 min at 1050 oc (Fig. 7). The micro
graph shows that the carbon support of the replica is covered for the greater part 
with a relatively thick layer, while isolated regions of it show only a very thin layer 
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and are, in consequence, much darker. According to Bradley 25 ) the greater part of 
the alloy at 1050 oc consists of the bee a phase containing approximately 30 at. % 
Fe, 40 at. % Ni and 30 at. % AI. The smaller part, corresponding to the isolated regions 
of the replica, consists of the coexisting fcc y phase containing approximately 50 at. % 
Fe, 40 at. % Ni and 10 at. % AI. This demonstrates clearly that the thickest layer 
develops on the phase rich in aluminium and has thus almost certainly an oxidic 
character. This is also the case in Fig. 8 which shows the same structure. A part of 
the oxide film has been torn loose and folded over. In the place where the film is 
double, it is brighter. The carbon support is visible through the hole. 

From Fig. 9, relating to the a+ y 1 structure of Alnico 8, it can be seen that the 
selective oxidation also occurs in the more complex alloys of this group. 

Fig. 8. Electron micrograph of the same structure as in Fig. 7. Tear in the oxide layer on the Al-rich a 
phase. ( x 7500) 

Selective oxidation makes it now possible to identify the structural elements in 
electron micrographs of the a + a' duplex structure. This is illustrated by the micro
graphs of Fig. 10, showing the a + a' structure of Alnico 8 in the optimum permanent 
magnet state. The electron micrograph in Fig. lOa, made of a Pt-preshadowed direct 
carbon replica by de Jong eta/. 41

) , and showing a section parallel to the magnetic 
field during heat treatment, gives a clear indication for the presence of elongated 
particles, without however allowing a further identification of the phases. With the 
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Fig. 9. Electron micrograph of the a + /'1 structure of Alnico 8. Greyish white oxide layer on the 
a phase containing about 9.4% AI. Aluminium content of the diamond-shaped /'1 phase about 4.5 %. 

(X 25000) 

aid of the new technique a micrograph of this parallel section is obtained (Fig. lOb), 
from which it can be concluded that the greyish-white bands belong to the a phase 
rich in aluminium and almost certainly also rich in nickel, whilst the black lamellae 
correspond to the a' phase poor in aluminium and rich in iron and cobalt. Moreover, 
it can be observed that in the latter micrograph the subtle details of the structure are 
excellently visible. This is also evident from the transverse section shown in Fig. lOc, 
indicating that the oxide layer is particularly suitable as a replica for the electron 
microscope study of alnico alloys. 

The replicas are obtained i;J.S follows. Longitudinal specimens about 1 0~ 15 rom in 
length are embedded in a syntpetic resin. In order to eliminate surface effects, an initial 
grinding operation is undertaken which removes about 1 rom material, whereupon 
the specimen is further ground on a Struers-Lunn belt grinder. In the latter operation, 
successive use is made of emery paper nos. 220, 320, 400 and 600, moistened with 
water. During two subsequent grinding operations the directions of grinding are 
approximately perpendicular to each other. For mechanical polishing, polishing cloth 
moistened with ethanol and charged with a diamond abrasive is used. Diamond 
powders of two sizes are employed: 4~8 ,u for the roughing operation and 2~4 ,u for 
the intermediate polishing. To remove the deformed surface layer resulting from 
mechanical preparation, the specimen is subsequently electrolytically polished. 
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Fig. lOa. Electron micrograph of the a a' structure of Alnico 8; optimum permanent magnet 
state; Pt-preshadowed direct carbon replica of a plane parallel to the field direction. From de Jong 
et al. 41). (X 100000) 
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Fig. lOb. Electron micrograph of the a + a' structure of Alnico 8, after an isothermal heat treat
ment at 800 °C for 9 min; refined replicating technique; greyish-white oxide layer on the "Ni-Al" 
phase; plane parallel to the field direction. ( x 50000) 
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Fig. lOc. The same specimen as in Fig. lOb; plane perpendicular to the field direction. ( x 50000) 
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Details of solution and conditions are as follows: 
solution 133 ml CH3 COOH, 7 ml H 20, 25 g Cr03 , 

cathode stainless steel, 
voltage 13-15 V, 
current density: 7 A/dm2

, 

time 15 min, 
temperature 18 oc. 
The specimen is oscillated mechanically during electropolishing. 

With a view to obtaining a useful oxide film, it should be stated that there are indications that the 
temperature of the bath must not exceed 20 oc and that the concentration of the ingredients must 
not vary substantially. 

After electropolishing, the specimen is rinsed in acetic acid and water, after which 
it is dried in ethanol and hot air. As the oxide film itself serves as a replica, etching of 
the specimen can be dispensed with. The oxide film is supported by a carbon layer 
deposited by vacuum evaporation. A grid of 1/8 inch squares is scored on the surface, 
and the specimen is then immersed in a solution of 6 percent bromine in methanol. 
The squares loosen from the surface and float in the solvent, from which they are 
transferred to methanol for washing. After this rinse, they are again transferred to 
distilled water for straightening, from which they are caught on a 200-mesh specimen 
grid. 

In studying the replicas, use was made of a Philips electron microscope type 
EM lOOB, with a maximum operating voltage of 100 kV. The voltage employed 
during examination was 60 kV. The electron microscope was calibrated with a 
28800-lines-per-inch carbon grating replica made by Ernst Fullar Inc. 

The exposures were made on Gevaert Scienta 14 B 50 or Kodak F.G.P. film, which 
was treated by a reversal process; thus those parts of the replicas which transmit the 
electrons very well will appear dark in the final prints. The electron micrographs were 
printed on Agfa hard-grade paper, type Brovira. 

2.3. Microstructure and coercivity of continuously cooled alloys 

Magnetic properties 

For each alloy the magnetic properties were determined after a continuous cooling 
from the homogeneous a or a' region. In order to realize the required cooling rates, 
chromium-iron cylinders of various diameters were used containing a concentric bore 
4 mm in diameter. The cylinder was heated to a temperature of about 1200 oc, 
whereafter the sample was placed in the bore. After the sample has reached the 
required temperature, the cylinder cools in still air. The temperature measurement 
during the heat treatment was accomplished by means of a Pt-PtRh thermocouple 
and a Philips recorder type PR 2210 A21. The thermocouple was placed in the cylinder 
with its end adjacent to the sample in order to be sure of measuring the correct 
temperature. 
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TABLE I 

Magnetic properties for a range of Fe-NiAI alloys, after cooling for optimum coer
civity. 

composition (at.%) cooling rate for magnetic properties 
optimum coercivity 

4nls 4nl, Bile I He rHc(7TK) 
Fe Ni Al CC/sec) 

(gauss) (gauss) (oe) (oe) (oe) 

20 40 40 0.5 2440 400 40 46 82 
26 37 37 0.5 3340 950 60 67 115 
30 35 35 1.0 4600 1550 140 150 
33.4 33.3 33.3 1.0 5330 2250 215 240 
36 32 32 3.1 6015 2750 310 350 
40 30 30 3.1 6950 3550 450 535 560 
42.8 28.6 28.6 4.9 7450 3950 525 600 -

46 27 27 4.9 8000 4400 575 645 660 
50 25 25 6.8 8910 5050 625 700 700 
55.6 22.2 22.2 6.8 10380 6550 520 530 530 
60 20 20 6.8 11270 7000 350 360 360 
66.6 16.7 16.7 6.8 13200 9000 120 140 140 
70 12.5 17.5 6.8 13800 9000 70 75 -

80 7.5 12.5 6.8 17010 - 10 <10 -

Table I shows, for the Fe-NiAl alloys under investigation, the optimum magnetic 
properties obtainable by continuous cooling. In Fig. 11 the values of the intrinsic 
coercivity rHc at room temperature are plotted as a function of the alloy composition. 

Fig. 11. Optimum value of 
the intrinsic coercivity at 
room temperature for a 
range of Fe-NiAI alloys, 
after continuous cooling. 
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In alloys with a low Fe percentage (R::! lO at.%) the coercivity is extremely small; 

1Hc increases up to a maximum for the alloy with an Fe content of approximately 
50 at.% and then decreases again to a very small value for alloys with approximately 
80 at.% Fe. 

Introductory electron microscope studies 

Experiments were carried out to determine the existence of a relationship between 
coercivity and microstructure. It was easy to reveal the microstructures of the alloys 
with medium Fe content. This is demonstrated in Fig. 12 showing the structure of the 
alloy containing 50 at.% Fe in the optimum state. As earlier explained, the greyish
white regions correspond to the a phase rich in Ni and Al, while the Fe-rich a' phase 
is much darker. Difficulties were met with alloys lying in the diagram near the NiAl 
side. In this group the a' precipitate is extremely fine after continuous cooling and as 
a consequence the shape of the particles can scarcely be distinguished in the electron 
micrographs (Fig. 13). Fortunately it was found that, for the alloy containing 50 at.% 
Fe the morphology of the structure arising from optimum cooling is almost identical 
with that obtained by annealing the quenched alloy at 850 oc. This is illustrated in 
Fig. 14, which shows the structure of this alloy after annealing at 850 oc for 3 min. 
It can clearly be seen that there are no essential differences between this micrograph 
and that of 12. Annealing the same alloy for 2 hours at 850 oc results in a 

Fig. 12. Electron micrograph of the a a' structure in an arbitrary plane, for an alloy containing 
50 at. % Fe, 25 at. % Ni and 25 at. % AI, after optimum cooling. ( x 25000) 



~21~ 

Fig. 13. Electron micrograph of the a + a' structure in an arbitrary plane, for an alloy containing 
36 at. % Fe, 32 at. % Ni and 32 at. % Al, after optimum cooling. ( 25000) 

Fig. 14. Electron micrograph of the a + a' structure in a {1 00} plane, for an alloy containing 50 at.% 
Fe, 25 at. :Y; Ni and 25 at. ~{ Al, after annealing for 3 min at 850 °C followed by quenching. 

(X 25000) 
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coarsened structure which, however, has morphologically essentially the same character 
as that of the optimum state (Fig. 15). For this reason it seems admissible that, when 
considering the correlation between coercivity and morphology of the a + a' structure 
of optimally cooled alloys, use is made of the annealed condition in order to obtain a 
more clearly defined structure. 

Microstructures of alloys containing less than 50 at.% Fe, after annealing for 2 hours 
at 850 oc 

In the alloy containing 26 at.% Fe the NiAI-rich a phase forms the matrix and the 
Fe-rich a' phase the precipitate (Fig. 16). The latter appears as irregularly spaced 
spheroids with a diameter extending from 50 to 500 A in the annealed condition. For 
the optimum permanent magnet state, where the particles are much smaller, the low 
value of coercivity ( R:::J70 oersted) can be accounted for partly by their nearly spherical 
shape but also by their superparamagnetic character. This is supported by the fact 
that the value of the coercivity for this 26 at.% Fe alloy at liquid nitrogen temperature 
is about twice that at room temperature (Table I). 

The electron micrograph of the alloy containing 30 at.% Fe (Fig. 17) shows that 
the bulk of the material likewise consists of the NiAl-rich a phase. The a' phase is 
still composed for the major part of globular particles, having a diameter distribution 
ranging from about 100 to 600 A in the annealed condition. In some places a tendency 
for coagulation of the spheroids is visible, resulting in a small number of rod-like 
particles lying in directions nearly perpendicular to each other, probably (100) 
directions. The presence of these elongated particles certainly has a positive influence 
on the value of 1Hc which amounts to 150 oersted after optimum cooling. (A reduction 
in the number of superparamagnetic particles may also have a contributing effect.) 

In the alloy containing 36 at.% Fe the volume of the a' phase has increased. As can 
be seen in Fig. 18 many of the equiaxed particles have arranged themselves in a 
perpendicular manner. The number of elongated particles has increased and the 
elongation in what are thought to be (100) directions is often more pronounced. 
The coercivity of this alloy in the optimum state has grown to a val..te of 350 oersted. 

In the micrograph of the alloy containing 40 at.% Fe (Fig. 19) three grains are 
visible. At the grain boundaries a coarse precipitate of the a' phase has formed; inside 
the grains isolated regions of elongated a' particles are present. Their number pre
dominates over that of the spheroids, wh:ch finds its expression in a further increase 
of the coercivity (535 oersted in the optimum condition). There is no doubt that the 
different orientations of the elongated particles in the three crystals must be attributed 
to differences in orientation of the crystals. The tendency of the a' particles to coalesce 
in directions perpendicular to each other results locally in a rather intricate shape of 
the precipitate. To a still larger degree this is true for the alloy containing 
R:::J43 at.% Fe (Fig. 20), having a coercivity of 600 oersted in the optimum condition. 

The alloy containing 50 at.% Fe possesses the highest coercivity of the whole range 
of alloys (700 oersted) after optimum cooling. In the microstructure of the annealed 
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Fig. 15. Electron micrograph of the a a' structure for an alloy containing 50 at %Fe, 25 at. % Ni 
and 25 at. % AI, after annealing for 2 hrs at 850 oc followed by quenching. The bright white sur
rounds of the phases are very probably a relief effect. ( x 25000) 
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Fig. 16. Electron micrograph of the a a' structure for an alloy containing 26 at. %Fe, 37 at. % Ni 
and 37 at. ~;.;AI, after annealing for 2 hrs at 850 °C followed by quenching. (x 25000) 
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fig. 17. f.lcctron micrograrn of the"+ (!1 strncturc for an alloy cont•ining 30 at. '.'I. f'e, 35 a!. ~1,; Ni 
and 35 "t. % Al, after anneilling i'<>r 2 hr> at 850 "C followed by qu~nching. ( /, 25000) 
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Fig:. 18. 131~i.:.lr(.>n micrograph of th-c (J. + rl struCtL1I'e for an :.1iloy ~ontaining 36 at. :'.·;'1 Fe, 32 at. Ni 
~nd :12 aL ;%'.Al, afte1· c11111ealing for 2 hrs al 850 'C followed by q11011~hi11g. ( :< 25000) 
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Fig. I \l. tl~ctron micrograph of the " + (( Stl'LICtt1re for an alloy containing 40 ut. '}:; Fe, 30 at. '.); Ni 
uni! 30 at. % Al, uftcr annealing f(1r 2 hrs at 850 °C followed hy qucnclling. (Section of three gr<1.ins.) 

(;< 25000) 
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t','ig. 20- l-'.ledro11 rnk:ro1J.r~1ph of' t.hc- u ·I 'J.' :-;tructur~ fo:.H ~111 ::.alloy .:..~011t.aini11g 42.8 :it. ~\: l'"i.:;~ 2~.6 aL '>;) 
Ni c\nd 28.6 al, ::-;.Al, <iller """<;aling ror 1. hr< <1l 850 '\' 11illowcd by quuil<-'hin14. ( 25000) 
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alloy, already ~hown in Fig. 15, it is no longer easily possible to distinguish between 
matrix and precipitate; both a and a 1 phases form a nearly continuous pattern. The 
black rectangular areas in the m:crograph almost certainly correspond to a' lamellac 
lying in a {100} plane approximately pttrL1llcl Lo the plane of the paper. 

Discussion of the rfsults for the alloys 1•'ith fess than 50 at.% Fe 

From the ahove it may be concluded that, after continuous cooling, the micro
st.ructures of alni permanent magnet alloys with an Fe content up to about 50 at.% 
consist of entirely separated Fe-rich a' particles lying in a NiAl-rich a matrill. More
over, for this group of alloys a pronounced cotrelation between the particle spectrum 
and the cocrcivity Could b!l established: an increase of the average length/diameter 
ratio of the particles rel1ccts in a higher value of the coercivity. 

Although the particle shape is too cornpkl\ to allow for exact quantitative cal-
1:ulation, the question arises if it is possible lo develop the correlation under discus" 
sion more quantitatively, 

lt was shown by Neel "')that the coercive force of prolate f.phcroids is proportional 
Lo the difference of the principal demilgnctiLation r.:oeflicients (N,, - N11 ). For random 
orientation of the polar uxes and neglecting interactions 

2.3.1 

where /0 is the saturation magnstization of the material. For an ussenibly of particles 
with varying axi<d ratio m - a/b, the bLilk coercive force is prop{irtinnal to N11., an 
appropriate mean value of (N,, - N"). 

Closely packed ferromagnetic particles are subject lo strong inagnetostatic inter
actiqns. For a mixture of isotropically distributed particles of <my sh.ape with a packing 
factor p, Neel 52 ) derived the expressic)n 

H.(p) - HJO) (I -p) 2.3.2 

where Hc(O) is the coercive force of an individual particle, 

Wohlfarth ") pDintcd 011t that the equation rnuy pcrh•pi only be valid for an "'"cmbly of parallel 
11~1·ticle~+ ~ach of which ls con~idcr-ccl \~S immersed irl ''uniform m~('ii1.1n-1 of ef'fe(;tivt m'-Lgncti7.ationp/0, 
His ow11 cal<:\Ll.\ttiol1S on the effect of partlck interaction result in "the gc1K·J'al e;.prtssion: 

/-/Ji') ..... lfc(O) lo (Ap ·I- Bp'i> ! •.• ) 2.~.1 

where the coerficients A "nd B depend 011 the geometri~•\l urrnngc111cnt of the particle<. The <;ql•«Oon. 
like Noel's, g:ivcs a linear dcpcn<.lcnce of H,.(p) for low Y•duc' of p. Tl1is ilas been verified exper
imentally hy Weil ' 4

), who investigated re, Fe-Co and Fe·Ni powder' with relatively low packing 
<l~nsity. 

From the electron micrographs it may be concluded that the alni permanent magnet 
alloys containing less than 50 at./{, Fe consist of assemblies of r:l.ndomly oriented 
parliclco having relatively low packing densities. On the grounds of the above theoret
ical considerations it is therefore reasonable to expect that the relationship betwern 
their coercivilics <ind 1nicrostructurcs will obey the equatio11 

HJp) ~ 0.48 (I . - p) N,,J0 2.3.4 
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Measure1rn;nts of(> versus r fol' th.e <1.lni alloys in the optimum permanent magnet 
state strongly indicate that only the 1t' phase is t'erron1<1gnetic, having a Curie tcm
pera\un; ol' approximately 760 °C (Fig. 21 ). According to measurements of F;illot ' 5 ), 

relating lo the change of· Curie point of single pha~c iron alum.inium alloys with 
composition, this would mean lh<it the r/ phase co1Hains aboul 10 at./(, Al, which 
correspond" to the equilibrium stale al about 700 ''C (Fig. 3). Ass11111ing that this is 
true, the magncliLMion intensity /0 of" lhc a' pl'ecipitatc will amount to approxi
mately 1400 gnuss "). The value of p may he deduced from the ratio between 
the saturntion m;ignclit.alion /, of the respective alni alloy (Table [) and that of 
iron liaving 10 al./;; alL1rninium (f'<I 1400 gauss). 

-~ 
- (iQ -· -· 

~ ~r---t~--+~~~ s. 40 m•-• ·--t----t---+-
~ 

r ]:-
Df---lrl._D_2_Q.G 300 40/J 500 SDO 700 SOG 

- l•mp•roturo (°CJ 

1-'ig. 21- MagneLinilio11 a~ a function of t.cmp~r'"i.ltt11'C for~~ nt1mbcr of r:'t:.-NiAl (~lloy" uftcr optimum 
cooling_ 

For Lile alloy containing SO al./:, Fe this 111.ethod leads to a value for p of approx
imately 0.5. Introducing this val Lie of pas well as those of 10 ( '""' 1400 gauss) <ind 1-le{p) 
(700 oerstcd) in equation (2.3.4) gives N,., '"'' 2. According lo Stoner ai1d Wohl
f"arth. 5 ~) (his corre;,ponds to an <1veragc axial ratio m of' Ute particles of approximately 
1 .. 5. fl is ralhcr difTk\llt to 111<1kc a t>igniticant estimate of tbe average axial ratio for 
the <tsscmbly of particles frnm the eleciron micrograph in Fig. 12. The calculated 
vnlu<- of 1.S seems not umeasonahlc in the light of the viwal impr~ssion. 

A similar calculation for lhe alloy containing 30 at.~;. Fe, wilh fi,.(p) ········ 150 oer
sled, p ""' 0.2 and /0 '"" 1400 gauss, leads lo an average axial ratio 1n of""" 1. This 
agrees fairly well with the observed almost spheric.!l shape of the precipitate (Fig, 17). 

Too mL1ch emphasis should not be pi<iced on this agreement, bearing in mind the 
po;,sibility of a composition modulation in th.e optimunl permanent magnet stat~ 

rather than an equilihrium two-ph<1sc structure. In \x.inncclion with this it i> uncert<1in 
how exact the observed pha~e boundaries correspond lo the boundaries of the ;iclual 

~·) The above calculations a1·e co11ccrncd only with coherent rotation or tl1c m'1~:p1etization ln the 
ptutkki. The inl:ric~ttc tillap .... ~ su,s:gc-"ls 1.h.t1t incoherent r~H.alion rna,y ll*1vc i.ln dkct. 
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Fig. 22. Electron micrograph of the a + a' structure for an alloy containing 55 at. % Fe, 22.5 at. % 
Ni and 22.5 at. % Al, after annealing for 2 hrs at 850 °C followed by quenching. In some places the 
oxide layer is displaced from the NiAI-rich a phase (e.g. top right). (X 25000) 
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Fig. 23. Electron micrograph of the a + a' structure for an alloy containing 60 at. % Fe, 20 at. % Ni 
and 20 at. %AI, after annealing for 2 hrs at 850 cc followed by quenching. (X 25000) 
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Fig. 24. Electron micrograph of the a + a' structure for an alloy containing 70 at. % Fe, 12.5 at. % 
Ni and 17.5 at. %AI, after annealing for 2 hrs at 850 °C followed by quenching. It can clearly be ob
served that in many places the isolated oxide layer on the NiAI-rich a phase has fully disappeared 
(e.g. bottom left). ( x 25000) 
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ferromagnetic domains. For this reason emphasis should be placed on the qualitative 
nature of the correlation between coercivity and microstructure *). 

Microstructures of alloys containing more than 50 at.% Fe after annealing for 2 hours 
at 850 oc 

In alloys containing more than 50 at.% Fe, the character of the microstructure 
changes, i.e. the a phase loses its continuity. This is already visible in Fig. 22, repre
senting the microstructure of the alloy containing 55 at.% Fe. It is still more pro
nounced in the alloy containing 60 at.% Fe (Fig. 23), while in the 70 at.% Fe alloy 
(Fig. 24) entirely separated a particles of different size are immersed in the a' matrix. 
The a particles, which are essentially rectangular with rounded corners, have a ten
dency to form rows along directions perpendicular to each other probably being 
(100) directions. In some places two or more particles have coalesced to form 
elongated particles in these directions. 

Discussion of the results for the alloys with more than 50 at. % Fe 

The structure of this group of alni alloys could be characterized as spongy. The 
body of the "sponge" is formed by the ferromagnetic Fe-rich a' phase, whilst 
the NiAl-rich a phase may be considered as consisting of non-magnetic cavities. 

The magnetic properties of ferromagnetic sponges, particularly their coercive force, 
have been investigated theoretically by Neel 57

) and experimentally by Weil 58
). 

Fig. 25 is an illustration of a simplified model of such a sponge. When the cavities 
or inclusions C are situated in the wall A (hole diameter much smaller than the wall 
thickness), Neel calculated that the critical field for displacement of the wall is 
given by the equation 

r/ v~E Hcrit = 0.99 -s2 
2K + 4nJ2 Kr/ I Ea2 

!a 
2.3.5 

where 2 (! = hole diameter, s = cavity spacing, K = crystal anisotropy constant, 
a = lattice constant, I= saturation magnetization and E =• Weiss field energy. 
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Fig. 25. Simplified model of a "ferromagnetic sponge", containing cavities or non-magnetic inclusions. 
The cavities Care considered to be spheres (diameter 2e), the centres of which lie upon a simple cubic 
lattice of spacings. A is a domain wall parallel to a {100} plane B. 
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It can be seen from the equation that the value of Hcrit decreases when the holes 
become smaller and the cavity distance larger. In that case demagnetization of the 
material may come from domain wall motion, leading to a low coercivity. In the op
posite case rotational processes may result in a higher coercivity. On this basis, the dec
line of the 1 H c curve in the region between about 60 and 70 at.% Fe may be qualitatively 
understood. In alloys with a composition near 60 at.% Fe, the cavity spacing will be 
small, i.e. Her it will be rather high and because of this, it is not unlikely that the coercivity 
could be attributed mainly to rotational processes. With increasing Fe content the 
average value of s increases; Her it decreases rapidly and it is most probable that 
domain wall motion predominates, leading to the lower coercivity in alloys with 
approximately 70 at. % Fe. Since the micrographs reveal that the transition from the 
fine particle structure to the spongy structure takes place gradually in the neighbour
hood of 50 at.% Fe, the coercivity will go through a maximum in this region. 

The structure of the alloy containing 80 at.% Fe is the opposite of that of the alloy 
containing 26 at.% Fe. Here the NiAl-rich a phase is deposited as irregularly spaced 
spheroids in an Fe-rich a' matrix (Fig. 26). The diameter of the particles in the 
annealed condition varies from about 400 to 1600 A. In view of the nature of this 
microstructure, it is almost certain that the low value of the coercivity in the optimum 
state ( < 10 oersted) will be the result of domain wall motion. Movement of the wall in 
the ferromagnetic a' matrix will be hindered by the presence of the non-ferro
magnetic a inclusions. Theoretical treatments concerned with this kind of demagnet
ization process are given by Kersten 59

), Neel 60
) and many others. For this, reference 

may be made to the review on hard magnetic materials published by Wohlfarth 61
). 

It seems quite possible that the coercivity of this group of relatively "soft" alni alloys 
can be interpreted with the aid of these theories, but such a treatment is outside the 
scope of the present work. 

From the above investigations it may be concluded that, varying the composition 
of alni alloys, the course of coercivity after optimum cooling can reasonably be under
stood on the basis of the observed changes in the morphology of the a a' duplex 
structure. 

2.4. Microstructure and coercivity after quenching followed by tempering 

Introduction 

In 1942 Dannohl 62) discussed the difference in magnetic properties of alni alloys 
after a continuous cooling and quenching followed by tempering. On the basis of a 
tentative Fe-Ni-AI phase diagram he stated that if the quenched a phase is tempered 
below 650 °C, only the a' phase will precipitate. During tempering between 650 and 
900 oc the a' phase precipitates first, the y phase afterwards. He further stated that 
during a controlled cooling from the high temperature homogeneous a region a 
simultaneous precipitation of the a' phase and the y phase will take place. He claimed 
that this multiple precipitation process ("Mehrfachaushartung") would produce a 
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Fig. 26. Electron micrograph of the a + a' structure for an alloy containing 80 at. % Fe, 7.5 at. % Ni 
and 12.5 at. %AI, after annealing for 2 hrs at 850 oc followed by quenching. On the Fe-rich a' 
phase remnants of the oxide layer are visible, which come from the NiAl-rich a phase. (X 25000) 
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denser pattern of high stresses, resulting in a higher coercivity than that obtained by 
the precipitation of a' alone or precipitation of a' followed by y. However, as seen 
from work undertaken by Bradley 25 ) it has become obvious that the concepts of 
Dannohl were not correct. In addition to this, his experiments were restricted to the 
commercial alloys containing approximately 50 to 60 at.% Fe. 

fn order to throw some light on this problem investigations on the magnetic 
properties of the complete range of Fe-NiAl alloys, after quenching and tempering, 
together with their corresponding microstructures will be described here. 

Magnetic properties 

Table II gives the magnetic properties of the alloys after quenching followed by 
tempering for optimum coercivity. In Fig. 27 (curve a) the coercivity is plotted as a 
function of alloy composition. The shape of the curve is seen to be similar to that 
obtained by continuous cooling (curve b). However, the maximum coercivity is greater 
in the former (910 oersted) than in the latter case (700 oersted). 

TABLE II 

Magnetic properties for a range of Fe-NiAl alloys, after quenching and subsequent 
tempering for optimum coercivity. 

composition 
magnetic properties 

(at.%) 
optimum tempering 

treatment 
4n/8 4nlr nile I He Fe Ni Al 

(gauss) (gauss) (oe) (oe) 

10 45 45 2 hrs at 600 oc 900 -

20 40 40 28 hrs at 650 oc 2980 900 100 110 
26 37 37 10 hrs at 700 oc 3710 1380 125 135 
30 35 35 14 hrs at 650 "C 5120 2555 510 590 
33.4 33.3 33.3 28 hrs at 650 °C 5680 3200 780 910 
36 32 32 2 Ius at 700 oc 5850 3850 755 790 
40 30 30 t hr at 750 oc 6560 4100 630 660 
42.8 28.6 28.6 1 hr at 700 oc 7840 4300 650 685 
46 27 27 1 hr at 700 oc 8310 4650 635 660 
50 25 25 2 hrs at 725 oc 9180 6250 385 410 
55.6 22.2 22.2 2 hrs at 700 oc 10510 7700 250 280 
60 20 20 4 hrs at 725 oc 11845 8750 215 225 
66.6 16.7 16.7 2 hrs at 700 C 13765 9000 85 100 
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Fig. 27. Variation of the intrinsic coercivity with composition for a range of Fe-NiAI alloys, after 
quenching and tempering for optimum coercivity (curve a). For a comparison the compositional de
pendence of coercivity after continuous cooling (taken from Fig. ll) has also been plotted (curve b). 

From the figure it can further be deduced that alni alloys can roughly be divided 
into two groups in accordance with their magnetic behaviour. In alloys containing 
more than approximately 45 at.% Fe, the highest coercivity is obtained after a 
continuous cooling; on the other hand in alloys with an Fe content below approx
imately 45 at.%, 1Hc is appreciably higher after quenching followed by tempering at 
an appropriate temperature. 

Microstructures 

With a view to explaining the above phenomenon, electron micrographs have been 
made of typical examples of each group, namely of the alloys containing 36 at.% Fe 
and 50 at.% Fe respectively. 

Fig. 13 earlier showed the structure of the alloy containing 36 at.% Fe after cooling 
at a rate of 3 °Cjsec. Difficulty was encountered on ascertaining the shape of the 
a' precipitate, as the dimensions are very small (less than about 100 A). On annealing 
the specimen for 10 min at 800 ac the precipitated a' particles grow, and their pre
dominant spherical shape becomes visible due to this over-ageing (Fig. 28). 

A completely different structure occurs after tempering the quenched alloy at 
700 oc (Fig. 29). After this treatment the a' particles are no longer predominantly 
spherical but for the greater part they show a pronounced elongation along two 
orthogonal axes which are probably <IOO) directions. Moreover, the particle size is 
much greater than that shown in Fig. 13. 
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Fig. 28. Electron micrograph of the a a' structure for an alloy containing 36 at. %Fe, 32 at. % Ni 
and 32 at./~ AI, after optimum cooling and subsequent over-ageing for 10 min at 800 °C. (X 25000) 

Fig. 29. Electron micrograph of the a-'- a' structure for an alloy containing 36 at. %Fe, 32 at. ~;,; N' 
and 32 at. % AI, after quenching followed by tempering for 6 hrs at 700 °C. ( x 25000) 



40-

The a + a' structure of the alloy containing 50 at.% Fe after continuous cooling 
at a rate of 7 °C/sec has already been shown in Fig. 12. It can be seen that the a phase 
forms a continuous matrix, while the a' phase is precipitated as isolated particles. 

Fig. 30 reveals the structure of the alloy after quenching from the homogeneous 
a state followed by tempering at 700 oc. It differs from the earlier structure (Fig. 12), 
in that the a phase has lost its continuity while the a' phase has become continuous. 
A similar structure arises from tempering the quenched alloy at 750 oc (Fig. 31). 

Discussion 

The electron micrographs of the alloy containing 36 at.% Fe (Figs. 13 and 28) 
reveal the ultrafine and spheroidal nature of the a' particles after optimum cooling. 
The low resultant coercivity of 350 oersted is to be compared with that of790 oersted 
obtained from quenching followed by tempering. The elongated nature of the a' phase 
after this latter treatment (Fig. 29) is thus seen to promote a more favourable mag
netic state. 

The electron micrographs of the alloy containing 50 at.% Fe (Figs. 12 and 30) 
clearly show an essential difference in the nature of the microstructure after the two 
heat treatments. After optimum cooling, Pe-rich a' particles are embedded in a 
NiAl-rich a matrix, while after quenching followed by tempering the Pe-rich a' phase 
is continuous. In other words the first treatment gives a permanent magnet with a fine 
particle character, while the second results in a spongy structure. As seen in the 
previous section for alloys with more than 50 at.% Fe, such a Etructure was found 
to be coincident with a lowering in the coercivity. It is therefore probable that the 
decrease in coercivity, namely 700 to 410 oersted, found by changing the heat treat
ment can be explained by the difference between a discontinuous and a continuous 
magnetic a' phase. 

The above results show that the differences in coercivity of alni alloys arising from 

variations in heat treatment (continuous cooling or quenching followed by tempering) 
can qualitatively be interpreted on the grounds of the differences in morphology of 

the a a' structure. On the basis of these experiments the idea of a third (fcc) phase, 
as proposed by Dannohl, must therefore be rejected. 

2.5. Isothermal annealing of the alloy containing 50 at.% Fe 

Introduction 

One of the main features of the electron microscopical observations on the alloy 
containing 50 at.% Fe was that the morphology of the microstructure arising from 
optimum cooling was identical with that obtained after a short anneal of the quenched 
alloy at 850 oc (see Figs. 12 and 14). Despite this similarity there is a considerable 
difference in the resulting coercivity (700 oersted against 20D-300 oersted). 
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Fig. 30. Electron micrograph of the a + a' structure for an alloy containing 50 at. % Fe, 25 at. % Ni 
and 25 at. % Al, after quenching followed by tempering for 4 hrs at 700 °C. ( x 25000) 

Fig. 31. Electron micrograph of the a+ a' structure for an alloy containing 50 at. %Fe, 25 at. % Ni 
and 25 at. % AI, after quenching followed by tempering for 4 hrs at 750 °C. ( x: 25000) 



-42-

In order to obtain more information about this phenomenon, measurements of 
magnetization and coercivity were carried out as a function of temperature. 

Experimental results 

In Section 2.3. it was indicated that, when the 50 at.% Fe alloy is exposed to optimum 
cooling, the composition of the a and a' phases very probably corresponds to that of the 

100 200 300 400 500 600 
- temperature (°K) 

Fig. 32. A record of the magnetization measured as a function of temperature for the matrix alloy 
containing 10 at. %Fe, 45 at. 1o Ni and 45 at. %AI, after quenching from 1200 °C. 

800 

Fig. 33. Records of the magnetization and coercivity measured at rising and falling temperature, for 
an alloy containing 50 at. % Fe, 25 at. % Ni and 25 at. % Al, after optimum cooling. 

equilibrium phases at approximately 700 °C. This means that the a' precipitate con
tains approximately 90 at.% Fe, whilst the a matrix contains approximately 10 at.% 
Fe (Fig. 3). 

The a versus T curve of an alloy with the matrix composition quenched from 
1200 oc shows that the alloy has a very low magnetization at liquid nitrogen 
temperature, and is paramagnetic above approximately 300 °K (Fig. 32). Thus after 
optimum cooling of the 50 at.% Fe alloy only the a' phase will be ferromagnetic 
at room temperature. As can be seen from Fig. 33, a and He of this alloy gra
dually decrease with increasing temperature, whilst the curves for rising and fal-
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ling temperature practically coincide, indicating that no irreversible changes in 
the structure occur. 

The a vs T and He vs T curves after annealing the quenched 50 at.% Fe alloy for 
3 min at 850 oc followed by quenching have a completely different character (Fig. 34). 
At room temperature the coercivity amounts to 220 oersted, rises to a maximum of 
290 oersted at about 225 °C, and then drops again until it becomes zero at about 
750 oc. The magnetization decreases continuously with increasing temperature, in 
the sense that the a vs T curve is initially convex towards the Taxis, becoming con
cave between 400 and 500 °C, without however, showing a pronounced kink in the 
curve (which would indicate a second Curie point). In this case the Cf vs T and He vs T 
curves are reversible only below approximately 400 °C. 

The abnormal course of magnetization and the inQrease of coercivity with tem
perature are still more pronounced if the isothermal heat treatment of the 50 at.% 
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Fig. 34. Records of cyclic measurements of the magnetization and coercivity as a function of tempera
ture, for an alloy containing 50 at. %Fe, 25 at. % Ni and 25 at. %AI, after annealing for 3'min at 
850 °C followed by quenching. The points indicated with R are reversing points during the mea
surements. (S start, F =finish.} 
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Fe alloy has been carried out above 850 °C. This is illustrated in Figs. 35 and 36, 
showing the curves for a and He after annealing for 3 min at 875 and 900 oc respect
ively. In the same manner as after the isothermal heat treatment at 850 oc (Fig. 34), 
there is no pronounced kink in the a curve coincident with the He maximum. 

The most important data which can be derived from the curves discussed above are 
reproduced in Table III. Here the compositions of the a and a' phases at the respective 
annealing temperatures, as given by Bradley's phase diagram 25), are also shown. 

TABLE III 

The variation in position and value of He (max) as a result of changes in annealing 
temperature and matrix composition, for an alloy containing 50 at.% Fe, 25 at.% 
Ni and 25 at. % AI. 

approximate comp. phases (at.%) 

ann. temp. He (20 °C) He (max) temp.for 
a' precipitate a matrix 

CC) (oe) (oe) He (max) 

CC) Fe Ni I Al AI 

850 220 290 225 82 8 10 26 37 37 
875 160 370 325 81 9 10 34 33 33 
900 110 325 430 80 9 II 40 30 30 

It appears from this table that over the temperature range considered, the composition 
of the Fe-rich a' precipitate does not change much; however, there is a consider
able difference in composition of the a phase which forms the matrix. 
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Fig. 35. Records of the magnetization and coercivity measured as a function of temperature for an 
alloy containing 50 at. % Fe, 25 at. % Ni and 25 at.% AI, after annealing for 3 min at 875 °C follow· 
ed by quenching. 
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In order to obtain more information on the above phenomena, the magnetization 
of the quenched matrix alloys was measured as a function of temperature. Fig. 37 
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Fig. 36. Records of the magnetization and coercivity measured as a function of temperature for an 
alloy containing 50 at. % Fe, 25 at. % Ni and 25 at. % AI, after annealing for 3 min at 900 °C 
followed by quenching. 

shows the a vs T curve of the matrix alloy containing 26 at.% Fe, 37 at.% Ni and 
37 at.% Al, quenched from 1200 oc. The alloy possesses an appreciable magnetiza
tion at room temperature. However, the absence of a normal fall-off of magneti
zation with temperature, as usually found in ferromagnetics, is striking: a gradually 
decreases over a wide temperature region, increasing again above approximately 
450 °C. Because of this an exact definition of the Curie temperature of this 
quenched matrix alloy is not only difficult, but nearly impossible. 
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Fig. 37. A record of the magnetization measured at rising and falling temperture for the matrix 
alloy containing 26 at. % Fe, 37 at. % Ni and 37 at. % AI, after quenching from 1200 °C. 

Similar curves are obtained in measuring the magnetization as a function of tem
perature for the quenched alloys containing 34 and 40 at. % Fe, which represent the 
matrices at 875 and 900 oc respectively (Figs. 38 and 39). After an initial almost linear 
decrease of the magnetization until approximately 450 ac, heating above this tempe
rature again results in an increase of a. 
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Fig. 38. A record of the magnetization measured at rising and falling temperature for the matrix 
alloy containing 34 at. ~,;Fe, 33 at. % Ni and 33 at. %AI, after quenching from 1200 °C. 
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Fig. 39. A record of the magnetization measured at rising and falling temperature for the matrix 
alloy containing 40 at. %Fe, 30 at. % Ni and 30 at. ~~AI, after quenching from 1200 °C. 

Further experiments with the matrix alloy containing 26 at.% Fe 

In order to investigate how far the large tail of the a vs T curve of the quenched 
matrix alloy containing 26 at.% Fe is caused by changes in the microstructure during 
the measurement, as a consequence of heating, the reversibility of the magnetization 
has been investigated (Fig. 40). It appears that within the duration of the measurement, 
no changes can be observed below a temperature of about 400 "C. Heating above 
that temperature however, causes an increase of the magnetization, and the 
curves for increasing and falling temperature then no longer coincide, because of 
irreversible changes in the microstructure. 
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Fig. 40. A record of a cyclic measurement of the magnetization as a function of temperature for the 
matrix alloy containing 26 at. :Yo Fe, 37 at. :Yo Ni and 37 at. ~~AI, after quenching from 1200 °C. The 
points indicated with R are reversing points during the measurement. 

Further evidence to this is seen in the dilatation curve of Fig. 41, where a de
viation from linearity occurs at approximately 400 °C, above which moreover, the 
curve appeared to be no longer reversible. 

From measurements of a vs T, in magnetic fields of 12000 and 28000 instead of 
5000 oersted as previously used, it is seen that in the reversible temperature region 
below R:::400 oc the magnetization is strongly dependent on the field strength (Fig. 42). 

dilatation M 

Fig. 41. Temperature-dilatation curve of the matrix alloy containing 26 at. :Yo Fe, 37 at. :Yo Ni and 
37 at. :Yo AI, after quenching from 1200 °C. 

Finally, in Fig. 43 the change of magnetization with temperature of the quenched 
matrix alloy containing 26 at. % Fe has been plotted after a prolonged annealing at 
300 and 400 oc. It can be seen that by these treatments a increases with increasing 
annealing time. 
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Fig. 42. Records of the magnetization measured as a function of temperature in magnetic fields of 
different strength for the matrix alloy containing 26 at. % Fe, 37 at. % Ni and 37 at. % AI, after 
quenching from 1200 °C . 
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Fig. 43. Records of the magnetization mea
sured as a function of temperature for 
the matrix alloy containing 26 at.% Fe, 
37 at. % Ni and 37 at. '!~ AI, after quen
ching from 1200 °C followed by various 
heat treatments. 

It appears from the above experiments that the a matrix of the a 4 a' duplex 
structure, arising from isothermal annealing of the alloy containing 50 at. % Fe at 
850 to 900 oc followed by quenching, is ferromagnetic at room temperature (Figs. 37, 
38 and 39). It is therefore most likely that the resulting low coercivity is due to the 
presence of this ferromagnetic a matrix. 

In the case of shape anisotropy, the coercivity may be reduced considerably, if the ferromagnetic 
particles are embedded in a matrix having a magnetization intensity which differs from zero, since 
for an assembly of parallel particles and uniform rotation of the magnetization 

Io 
2.5.1 

where I 1 and / 2 are the magnetization intensities of the particles and the matrix, while 10 represents 
the magnetization intensity of the bulk material. 
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Obviously the coercivity at room temperature is lower as the temperature of the 
isothermal heat treatment rises. It is almost certain that this is connected with an 
increasing magnetization intensity of the matrix due to its increasing Fe content 
(Table III). 

The increase of coercivity with temperature can mainly be interpreted on the 
basis of an increase in the difference in magnetization (/1 -I 2 ) between a' and a. The 
coercivity attains its largest value when this magnetization difference is a maximum; 
the higher the temperature of the isothermal heat treatment the higher the tempera
ture whereby the coercivity reaches its maximum value. This might also be connected 
with an increasing Fe content of the a matrix, involving a higher "Curie point". 

The abnormal course of the a vs Tcurves (Figs. 37, 38 and 39) appears to be inherent 
in the quenched state of the matrix alloys. A similar effect has been observed by 
Went 63) for single phase binary nickel alloys. His explanation was founded on the 
assumed presence of fluctuations in the concentration of nickel. In the same way 
fluctuations in the quenched NiAl-rich matrix alloys may lead to the formation of 
small Fe-rich regions *). 

Measurements of the a vs T curve under various field strengths give another strong 
indication for the heterogeneity of the quenched matrix alloys. 

The irreversible changes of the magnetization during heating the matrix alloys 
above ~ 400 oc are probably connected with the transformation of a single phase 
inhomogeneous alloy to that of one containing a distinct precipitate of Fe-rich a' 
particles (see also Section 4.2). The process starts at relatively low temperature 
(300-400 oq and rapidly progresses above 500 oc. There seems to be little doubt 
that the deviation from linearity which is observed in the dilatation curve of the 
quenched 26 at.% Fe matrix alloy in the neighbourhood of 400 oc is connected with 
this phenomenon **). 

The initially "saucer-like" part of the a vs T curves of the 50 at.% Fe alloy, iso
thermally heat treated above ~ BOO oc followed by quenching, and the absence of a 
pronounced kink during heating, are a clear consequence of the segregated state of the 
a matrix. 

2.6. Character of the precipitation process 

Theory 

As early as 1937 Borelius 65 ) pointed to the possibility of two different types of 
phase transformation within the miscibility gap. Fig. 44 shows schematicaJly the free 
energy F of a binary system with a miscibility gap as a function of composition x, 
at a temperature T. A homogeneous solid solution with a composition x' is unstable 
with respect to the equilibrium phases x 1 and x 2 , which can be found by the double 

*) As will be described in Section 2.6 strong evidence is obtained for spinodal decomposition in 
this type of alloys. It is therefore not unlikely that the concentration fluctuations in the quenched 
NiAl-rich matrix alloys result from the early stages of such spinodal decomposition. 

**) Such kinks in dilatation curves for alni alloys have also been observed byCriscuoli and Turelli 64). 
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x, 
composition 

Fig. 44. Free energy diagram for a binary system at temperature T, illustrating two types of preci· 
pitation: spinodal decomposition for an alloy x' lying within the inflection points A and B 
(o2 F/ox2 <0), and nucleation and growth for an alloy x" lying outside the inflection points (o2 Ffox2 > 0). 

tangent to the F-x curve. For this alloy a small fluctuation in composition results 
directly in a lowering of the free energy of the system (F' x' < Fx' ). There is no nu
cleation barrier and it is to be expected that the transformation occurs spontaneously 
over the whole crystal. This type of phase change, which is generally known as 
"spinodal decomposition", occurs for alloys lying between the inflection points 
A and B on the F-x curve, i.e. where o2 Ffox2 < 0. For an alloy x" a fluctua
tion in composition generally leads to an increase of the free energy of the system 
(F' x" Fx•). Such fluctuations are then inclined to disappear. However, when the 
fluctuations have attained a strongly different composition, e.g. x"', there is a de
crease in free energy of the system and a stable nucleus is formed. This second type 
of phase transformation gives rise to the conventional nucleation and growth process 
and occurs with alloys for which o2 Fjox2 0. The locus of the points. where 
o2 Fjox2 0 can be plotted in the phase diagram and is generally called "the 
spinodal" (Fig. 45). 

The two different precipitation mechanisms were elucidated by Tichelaar 66
) with 

the aid of the partial molar free energies ,ua and .Ub of the components a and b (Fig. 46). 
The atoms of a component will preferentially diffuse from a place with a higher partial 
molar free energy to that with a lower one; consequently the total molar free energy 
of the system decreases. This means that, for an alloy x' lying between the spinodal 
compositions xa,sp and xb,sp, the atoms will move opposite to the concentration 
gradient ("uphill" diffusion). In a region which is somewhat richer in the com
ponent a, the concentration gradient will be enlarged. As a result of this the direct 
surroundings of this region acquire a higher b content, while still more b atoms will 
be attracted from less immediate surroundings. In this way a periodic structure arises 
in which zones rich in component a alternate with zones rich in component b. 

For an alloy x" outside the spinodal, composition fluctuations normally disappear 
by "downhill" diffusion. However, if in some manner a region with a composition 
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Fig. 45. Typical solubility gap and spinodal for a binary system. 
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Fig. 46. Partial molar free energy diagram for a binary system a-b, illustrating "uphill" diffusion for 
an alloy x' lying within, and "downhill" diffusion for an alloy x" lying outside the spinodal composi
tions Xa,sp and xb,sv· For the equilibrium phases x 1 and x 2 , Ita, 1 ,ua, 2 and /J'b, 1 ltb, 2 • For both 
compositions Xa,sv and xb,sp• op,0 /ox = 0 and o,ub/ox 0. From Tichelaar 66). 
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lying inside the spinodal e.g. x' has been formed, uphill diffusion can result in two 
separated regions with respective compositions Xa,sp and xb,w The concentration 
differences between Xa,sp and the matrix will be evened out by downhill diffusion. 
In the region xb,sp the partial molar free energy of b is lower and that of a is higher 
than that in the surrounding matrix. Because of this the b content of this region will 
be further increased by uphill diffusion, its surroundings becoming richer in a. The 
concentration difference of the latter with respect to the remaining matrix, will be 
evened out by downhill diffusion. In this way a precipitate rich in b is growing in the 
matrix becoming continuously richer in a. 

Cahn and Hilliard 67
) introduced into the general theory on spinodal decomposition 

the properties of the interface. Extending this treatment to an isotropic binary solution 
of constant molar volume V, Cahn 68

) showed that the difference in free energy per 
unit volume between the initially homogeneous solution of composition c and one 
with a composition fluctuation given by c- c0 = A cos {3x, where c0 is the ave
rage composition, A is the amplitude and 2:rr:/ {3 is the wavelength, amounts to 

LIF ~~ (02~ + 2"{31 ) 2.6.1 v 4 \QC I 

wherefis the free energy per unit volume of homogeneous material and x the gradient 
energy coefficient. 

With o2floc 2 > 0, assuming " to be positive, LIF/V is always positive and the 
solution is stable with respect to infinitesimal sinusoidal fluctuations of all wave
lengths. With o2f/oc 2 < 0, the solution is unstable with respect to infinitesimal 
sinusoidal fluctuations of wavelength 2:rr:/ {3. Just within the "spinodal area" *), the 
solution will first become unstable to small fluctuations of infinite wavelength. Since 
further inside the spinodal the value of o2f/oc 2 becomes more negative the solid 
solution becomes unstable to fluctuations of smaller wavelengths. At a particular 
value of o2{/ox2 the solid solution tends to decompose if fluctuations are present 
with a wavelength greater than a critical value 2:rr:/ f3c· This implies that in the initial 
stage of decomposition a spectrum of sinusoidal modulations will arise from the 
solution, having wavelengths from 2:rr:/f3c to infinity. 

From this it is clear that surface tension prevents decomposition of the solid solu
tion on too fine a scale, without however, altering the criterion for stability. 

Taking also into account strain energy, Cahn 68
) calculated that the difference in 

free energy per unit volume between the initially homogeneous solid solution and 
one containing fluctuations in composition of wavelength 2:rr:/ {3 can be expressed by 
the equation 

LIF = A
2 (o 1f 

v 4 oc2 
2.6.2 

*) The spinodal area is that area defined by temperature and composition within which spinodal 
decomposition occurs. 
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where A and x are the above mentioned positive constants, E is Young's modulus 
for the average composition, 17 is the linear expansion of the lattice per unit com
position change and v is Poisson's ratio. 

The solid solution remains stable to infinitesimal fluctuations of wavelength greater 
than 2ni flc inside the spinodal until 

?Jzf 21JzE 
-+ <0 
?Jc2 1 v 

2.6.3 

The limit of stability is given by the locus of 

=0 2.6.4 

Thus elastic energy effects the criterion for stability. 

In order to estimate the magnitude of the change in the stability condition due to 
coherency strains, Cahn expressed the difference in stability as an undercooling below 
the critical point Tc for a material of the critical composition. Substituting in equation 
2.6.4 

2.6.5 

it can be seen that instability sets in at 

r/E 
2.6.6 

where Nv is the number of atoms per unit volume and k is the Boltzmann constant. 

Considering spinodal decomposition in cubic crystals, Cahn 69) demonstrated 
theoretically that in alloys where the elastic constants obey the relation 

2.6.7 

plane waves primarily parallel to all three {100} planes are produced. This results 
in an initial microstructure described by Cahn as "a simple cubic array of regions rich 
in one component connected along the (100) directions by rods similarly enriched. 
The body centers of this array are regions depleted in this component connected by 
similarly depleted {100) rods. This gives two interlocking systems of (100) rods, 
one enriched and the other depleted in one of the components". Cahn further predicted 
that the relative volumes of the two phases have an important influence on the final 
microstructure. If the volume fraction of one phase is much smaller than the other, 
the {100} waves will give a final microstructure, which consists for the main part of 
nearly equiaxed separate particles aligned along (100) directions. With increasing 
volume fraction elongated particles parallel to the cube directions should become 
gradually predominant in the final microstructure. 
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Application to the quasi-binary section Fe-NiAl 

As was seen in Figs. 15 to 26, relating to Fe-NiAl alloys annealed at 850 °C, periodic 
microstructures are found in alloys lying not too close to the solubility curve given 
by Bradley 25

). Particularly, electron micrographs of alloys lying in the centre of the 
a + a' miscibility gap show a regular alternation of the two phases in directions 
perpendicular to each other, very probably being (100) directions (Figs. 15 and 20). 
In alloys having a somewhat lower or higher Fe-content, distinct a' or a particle~ 

respectively are aligned along these cube directions (Figs. 18 and 24). 
The electron micrographs of the alloys adjacent to the solubility curve (Figs. l6 

and 26) reveal a microstructure with a completely different character after annealing 
at 850 oc. The precipitate consists of irregularly spaced spheroidal particles of various 
size. 

These results strongly indicate the existence of two different mechanisms of de
composition in Fe-NiAl alloys: spinodal decomposition for the alloys remote from, 
and a conventional nucleation and growth for alloys adjacent to the solubility curve. 

This idea is supported by the electron micrographs of Figs. 47 to 50, which reveal 
the structure of some of the alni alloys m the early stage of decomposition. The alloys 
were quenched from the homogeneous a state, and subsequently annealed at 850 °C 
for a short time. 

Fig. 47. Electron micrograph of the a + a' structure for an alloy containing 36 at. %Fe, 32 at. % Ni 
and 32 at. %AI, after quenching followed by annealing for 10 min at 850 °C. ( x 25000) 
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Fig. 48. Electron micrograph of the a -+- a' structure for an alloy containing 40 at. % Fe, 30 at. ~~ 
Ni and 30 at. % AI, after quenching followed by annealing for 1 min at 850 °C. ( x 25000) 

In the electron micrograph of the alloy containing 36 at.% Fe, annealed at 850 oc 
for 10 min (Fig. 47), the a' precipitate mainly consists of spheroids. In several places 
two or more neighbouring spheroids have coalesced to form particles which are 
elongated in what are thought to be (100) directions. There are a few places in this 
relatively low iron alloy where two spheroids are connected to form "dumb-bells". 

The electron micrograph of Fig. 48 relates to an alloy containing 40 at.% Fe, 
annealed for 1 min at 850 cc. In this alloy there are many more "dumb-bells", which 
in many places are developing into elongated particles. By the growth of "dumb-bells", 
connected in directions perpendicular to each other, particles with an intricate shape 
have frequently been formed. Increased annealing of the alloy results in the progressive 
formation of rod-like particles, which tend to lose their "dumb-bell" character. 
(Fig. 49). 

The same significant structural feature can be seen even more clearly in a br;efl.y 
annealed alloy having a still higher iron content. Fig. 50, for example, shows the 
structure of the alloy containing 50 at.% Fe after a 3 min anneal at 850 oc (see also 
Fig. 14). Single, double, and even more complex "dumb-bell" elements can be 
recognized in both linear and orthogonal arrays. The final stage, also to be observed 
in this micrograph, is that of rods parallel to (100) directions. 

The occurrence of "dumb-bells" in the early stage of decomposition of Fe-NiAl alloys 

is in agreement with the description given by Cahn 69 )for the initial morphology, resulting 
from spinodal decomposition in cubic crystals, exhibiting anisotropy in the elastic constants. 
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Fig. 49. Electron micrograph of the a + a· structure for an alloy containing 40 at. % Fe, 30 at. % Ni 
and 30 at.% AI, after quenching followed by annealing for 40 min at 850 oc. ( x 25000) 

Fig. 50. Electron micrograph of the a+ a' structure for an alloy containing 50 at. %Fe, 25 at. % Ni 
and 25 at. % AI, after quenching followed by annealing for 3 min at 850 °C. ( x 50000) 
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Moreover, the electron micrograph$ once again demonstrate that elongated particles 
of the Feurich a' phase can develop without the influence of a nw.g1wtic field, even 
above the Curie temperature of this phase. Their orientation along (100) directions 
can be understood in the light of the above mentioned anisotropy in the elastic 
C\)nstan t~-

I'osilion of !he spinodal in the Fe-Ni Al system 

The que~tion arises if it is possible to determine the position of the spinodal curve 
in the Fe-NiAl system experimentally_ 

In his WOl'k on homoge11eous riuclealion Hillert 70) showco that the si7.c of the critical m1clet1s, 
i.e. tl1e smallest r1L1cleus which can grow with "c<:>ntinuoµs loss of fr<;c energy, approaches infillity 
as the spinodal is approached. At the same time the dilforcncc in composition between the centt'e of 
tile m1clcus and the matrix tends to zero. This results in a very low value of the free energy of nuclea
tion near tl1c spinodal and lie sug),!ested that there may be no effective barrier for nucleation even a 
rnn,iderable distance away from the spi11odal. On the basis of these consider<1tions <1nd those of 
Cahn (p. 52)itisthereforenolto be expected that there will be a shal'I;> discontinuity in ki11etic beh<tviour 
of the phase transformation passing through the spinodal. It b difficult to reconcile this conclusion 
with the experimental resµlts obtained by Borelius 71 ), and Tiederna and van der Toorn 71)_ From 
resistornetric and calorimetric mca<urcmcnt~ on diffcr~nt binary systems with a simple rnisdbility 
gap Borclius decided that the velocity of precipitation fa much lower out~i(!c than within the spinodal 
area. horn X-ray investigations Ticdcma and van der Toorn obtained " strong indica1ion for two 
different mechuni'm' of decomposition in Au-Pt aJJoys. Arter annealing various alloys for a <ho rt 
time at a temperature below the calculated spinooal, the main rcllections in the X"ra~ photograph~ 
were accompanied by side bands. These side bands wcro; absent if the alloys were annealed outside 
the spinodal area. Morcovct', they fotrnd like Borelius, !hat the rate of dccompo~ition bdow the 
>rinodal wa5 considerably higher tha11 above this curve. 

In connection with the electron micrographs of Figs. 15 to 26, additional electron 
micrographs have been made of the alloy containing 50 at.% Fe after a short anneal 
at te:mperatures between 925 and 950 °C, the latter being near the solubility curve 
for this compositio11. The results, which are reproduced in Figs. 51, 52 and 53, show 
that up to a temperature of 940 °C tlwre is a perfect similarity between the micro· 
~tructures; a more or less cubic arrangement of a' particles can easily be detected. 
However, the image obtained after annealing at 950 °C differs considerably from the 
other electron microgrnphs. Spherical a' particles arc irregularly distributed through 
the a matrix and so the microstructurn is comparable with that of the alloy containing 
26 at.% Fe annealed at 850 °C (Fig. 16). Fig. 54 is an electron micrograph of the 
latter alloy after annealing at 820 °C for 2 hours. In this micrograph then~ is again 
a tendency for the precipitate to be aligned. This applies in a still higher degree after 
annealing the alloy at 800 °C for 4 hours (Fig. 55). 

The results support the view that in thr: Fe-NiAI system there is a rather well-defined 
spinodal, which on Ille NiAI side is situated very near the solubility curve. 

This may be Llndcrstood from Fig. 56, where the fullF-x curve yields a mi~cibility gap 
in the disordered phase, as given by the donble tangent AB. lfin the neighbourhood of the 
component b a superstructurn is more stable than the disordered phase, it is rea~onable 
to suppose that the stability of this superstructure will be rather sensitive to devia
tions in composition. This is cxpri;:s~i;id by the course of the dashed F-x curv.: at the 
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1-'ig. 51. 1211..«;,,;\t0n rnicrogruph el" th(: d. ; 11.
1 s.trL1dL1re for an alloy t;Or'lt~ti1,i11g 50 at.~;,~ Fi.::. 25 ut. / 1

,; 

Ni ~111d 2.5 \tt. };'.Al,. ufl~r u1rncaling for 3 mi11 i.I~ 92.1 iic followctl by qltcnching. ( :~.: 2.5000) 

Fi~ . .52. Flc.:.:trnn mio.:r0gru1)h of' the u I ''-r ~tructurc for arl tl.lloy ~onrnl11l11g 50 at.'.>;; 1-c, 25 at. 1X 
Ni trn(i 25 aL ~}:, Al, after annealing fol' 3 111in at 94() ···c l"ollowcd hy qL1enching. Th~ NiAl·rich (:C. 

111atrix seem'.') to be: inllomogcn~ou::i., ( ~. 25000) 
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Fig. ~3. Electron micrograph of the " -r- 1i' structure for an alloy conrnining 50 at%. Fe, 25 at.% 
Ni and 15 at.% Al, a!\cr annealing for 3 min at 950 •'C followed by quenching. As in f'Jg. 52 a pro· 
nounced ditfe1·entiiltion in the oxide l<1ycr on the NiAl-rich <l phase indicates u segregated state. 

( x 25000) 

Fig. 54. F..lectron micrograph of the " + a' sttudurc for an alloy co•Haining 2(> at.;;; Fe, 37 ut. Y.. 
Ni and 37 •t. ~{ Al, afler annealing for 2 hrs ;n 820 ''C followed by qu~tlching:. ( :< 25000) 
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rig, 5.5. l:-.lcclr01) rni~rograph or the(..( I r/ structur·e for an 'Llloy containing 2(, at_~< Fe, :,7 ~IL i~ 
Ni (111<1 :\7 at. X, A I, uflu ;u;11caling for 4 hrs al 800 "C to I lowed by quenching. ( '' 25000) 
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Fig. Sil. Schematic freu unel'gy diagrum for a binary ,y,;tem illustrating tlHlt thu spinodal ml the si(!c 
or the orderncl phase muy be cxpu~ted ttl be situutet.I nearer t(> the plrnsc boundary. 

right ~iJe oft.he diagram. lt is Lo be expected therefore that the compositions of E 

(spinodal point) and n (phase boundary) arc dose to each other. Moreover, the 
1<111gcnl point C of lite double Langent CD i~ further aw<1y from the spinodal point F 
Lhtrn A. 
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2.7. Final comdderations 

In th_is section the relationship b~twcen composition and heat trcalme11! on the one 
hand, and the resulting microstructure and cocrcivity of alni alloys on the other, will 
be considered in the ligllt of tlie ideas on spinodal decomposition developed in the 
previous section. 

If, as in the normal industrial heat tn:atment, th,e alloys arc continuously cooled 
from the high temperature regicln at a controlled rate, the hc)ffi(Jg-:ncoug solid solution 

(a or a') will initially transform into a modulated stn1cture by spinodal decomposition. 

Assuming that for the alni alloys 2 C44 - C,, + C,, :> 0, which is true for most 
metals, plane waves will bl': forml':d primarily on all three {100} planes. The final 

morphology of the a + a' duplex structure very probably for the greater part comes 
into existence during the very first im;tance of the cooling process, i.e. in the tem
perature region between the solubility curve and approximately 800 "C. 

A study of Bradley's plnsc diagram 25 ) in conjunct.ion with the above work of 
Cabn 69 ) relating to the influence of volume fraction on the final microstructure, will 

clearly show that from a magnetic point of view, conditions for attaining the most 

favourable morphology (elongated forrom.agnetic a' particles embedded in an a ma
trix) are best satisfier.I by alloy:; having approximately 50 at.% Fe. 

In alloys having an Fe content in the neighbourhood of 30 at.%, the volume 
fraction of the a' phase in the temperature region between the sol Libility curve and 

approximately 800 °C is much smaller. In accordance with the expectations of 
Cairn, in these alloys the initial plane waves have developed during cooling in this 
temperature region into nearly equitixcd a' particles, exhibiting a cubic arrangement 
in an a rnatrix. Thi11king in tenns of shape anisotropy, the coercivity associated with 
such a morphology sbould be relatively low. 

Tn alloys contain 'ng more than 50 at.% Fe, spinodal decomposition during the 
continuous cooling results in a ferromagnetic sponge, in which the NiAl-rlch a 
particles form the holes. Such a microstructure may give rise to a low coercivity. 

If the alloy~ after an isothermal heat treatment in the temperature region h~twccn 

the solubility limit and approximately 800 "C have been quendicd to room tem
perature, tbe morphology of the a + a' structure ha> Cully developed. However, 
after this treatment the NiAl-rlch a matrix ls ferromagnetic at room temperature 
which leads to a low coercivity. Strong evidence is obtained that the a matrix is 

in a segregated ~tate, probably due to the early stages of secondary spinodal de· 
composition. giving rise to the initially "saucer-like" a vs T curve and the rever
sible change of coercivity with temperature up to about 400 °C 

1 f the alloys after a solution treatment at a high temperature are quenched to room 
ternperature and then tempered inside the spinodal at 600-750 °C, the morphology 
of the final microstructum may considerably differ from that of the continuously 
cooled alloys. Evidently this is connected with th.c asymmetry of the a + a' miscibility 
gap. For any particular alloy the relative proportions of a and a' at the tempering 
tcrnpei:ature, e.g. 700 °C, may differ from those at 800 to 950 °C, this being the tem

perature r~gion in which the morphology during continuous cooling comes into 
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existence. For this reason optimum coercivity is ;;ontttimes achieved by continuous 
cooling rrom the homogeneous a or n 1 region (Fe > 45 ;;I.- %l, while other ~1lloys 
(Fe < 45 at. %l 1n~1st be quenclmJ and then tempered al 600 to 750 ''C 

Finally it ~hould be' 11oted that during the continuous cooling most of the alloys 
pass the region bctwcc1i solubility curve ;rnd spinodal. However, there are no indica

tions that, ;it the u:rnal relatively fast cooling rate>, the later spinoJal decomposition 
has been di~turbeJ by a premature precipitation in this region. This is vel'y probably 

due to a high barrier for nucleation. 
M icrn,trL\Ctures which origin~ttc by tlte conventional process of nucleation and 

growth can probably only be achieved by correctly selected isothermal heat treat
ment~, owing to the narrow region between spinodal and solubility curve. It is to be 
expected that the cocrcivity of alloy~ treated in this way is very small. 



CHAPTER 3 

l'ORMAUON Of AN J'J,QNGATED PRECIPITATE WITH A PREFERRED 
ORIENTATION 

3.1. Iutroduction 

The previous chapter indicate~ that the development of elongated particles in alni 
alloys, parallel to the <WO) directions, can be understood in terms ()f spinodal 
decomposition. In this chapter part.icular attention will bc given to the alignment of 
the precipitate in alnico alloys by means ofthermomagnetie tt'eatment. There arc ;;cvcral 
theories concerning the mechanism for this alignment, and the most important are 
briefly described below. 

Considering the Alnico 5 alloy, Kittel, Nesbitt and Shockley n) suggested that 
during cooling, nucleation of a plate-like precipitate takes place between 900 and 800 
0

(:_ These nuclei (diameter approximately 100 A, thickness 10 A), being coherent with 
the matrix and possessing a very small interfacial tension, should be oriented aniso
tropieally in order to minimize their magnetostatic energy, which according Lo Kittel 
et al. is comparable with the activation energy for nucleation. 

Ziilstra 74
) annealed Alnico 5 Sample:; in a magnetic field at various constant tem

peratures. From measurement;; of the saturation magnetization he concluded that the 
decomposition of the homogeneous alloy into two phases takes place very rapidly, and 
that these phases maintain constant composition and LNal vol11me during further 
heat treatment. His theoretical starting point was that in the early stage tlf decompo
sition the alloy consists of a very fine dispersion of spheres of one phase embedded 
in the other one. The gteat amount of interfacial free energy of the system causes the 
spheres to grow, whik at the same time the magnetic free energy causes the spheres 
to change into spheroids, with their longitLldinal axes parallel to the magneti
zation, thereby diminishing the magnetostatlc free energy of the particles. A volume
diffusion process was calculated for both elongation and increasiug size of the par
ticles during the thermomagnetic treatment. The rate of elongation and the rate of 
growth of the particles depend on the magnetization difference between the phases 
and the interfacial tension. The latter was found to be extremely small in Alnico 5. 
Consequently, this alloy is very sensitive to heat treatment in a magnetic field_ 

Cairn 75) theoretically examined the effect of a magnetic field applied in the early 
stage of spinodal decomposition_ He deduced that the two main sources of aniso
tropy are the magnetostatic and elastic energies. The former favours compositional 
waves parallel to the internal magnetic field direction; the laLLer favours composition
al waves of certain crystallographic orientations. As earlier stated 69), {JOO} waves 
arc favoured in cubic crystals where the elastic constant.s obey the equation 
2C44 -C,, I C, 2 > 0. 

If the anisotropy in magncto~tatie energy is vt.:ry much larger than elastic energy 
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anisotropy, the decomposition ignores the crystallographic structure and gives plane 
waves whose superposition resembles two phases of rods parallel to the magnetization. 
If the elastic energy anisotropy i~ the larger, then the magnetic field prtfcrs those waves 
of the favoured crystallographic orientation that are closest to being parallel to the in
ternal magnetic field direction. For example, Jf in cubic crystals the magnetization is 
along a ( 100) direction, magnetic annealing would result in rods parallel to this di
rection. 

Cahn deduced that for a solid solution with a composition fluctuation ((.' - c0 ), 

where c(, is the average composition, the anisotropy in 1nagnetostatic energy is pro
portional to (M/bc)", where l is the magnetization. Near the Curie temptrnture of the 
initially homogeneous alloy, (M/oc)1 is expected to he very large and to vary rapidly 
with temperature. 

The elastic energy anisotropy depends on two factors, ~1 2 (t) ~~ d Ina/de, where 
a is the stress free lattice parameter) and the spread in the elastic coefficient Y for 
various orientations. The latter can be approximated by taking ,1 Y ~ I Y( 100)- Y( l 11 )I. 

Cahn estimated that the anisotropy in elastic energy usually by far exceeds the 
magnetostatic energy anisotropy, except near the Curie temperature. Consequently, 
to maximize the effect of the magnetic field, annealing should b,ke place as near to tht 
Curie temperature of the original homogeneous alloy as possible_ He further demon
strated that as the <llloy is undercooled Lo lower temperatures, the dfectivenc:;s of 
the magnetic field diminishes rapidly, in whichca:;ccompositional wave$ perpendicular 
to the field direction might occur. These waves would he of longer wavelength, and as a 
result of this, the rods will be longitudinally modulated in thickness al a period longer 
than the inter-rod spacing_ 

The next secti(ms examine in more detail the development of elongated partit:les 
with a preferred orientation by thermomagnetic treatment in the light of the above 
theories and that of spinodal decomposition. In this investigation use is made of the 
refined replicating technique, described Jn Section 2.2. Because Alnico 8 exhibits a very 
pronounced particle alignment (see Fig. lOb), experiments have been limited lo this 
alloy_ 

3.2. Experimental results 

"the electron micrograph of Fig_ 57, exhibiting the structure of a ~ingle crystal of 
Alnico 8, after annealing for 2 min at 800 ''C in the absence of a magnetic field, shows 
both greyish white "Ni-Al" regions as well as dark "Fe-Co" regions connected along 
(lOO) directions. As for <1lni alloys these structural elements may be termed "dumb
bells". In many places a thickening of links between "Fe-Co" regions can be observed, 
giving rise to modulated elongated particles. The final "Fe.Co" rods remain parallel 
to the (100) directions. 

The main result of having the short anneal (2-3min) take place in a magnetic field 
is a preferential broadening of "Fe-Co" links parallel to the ( 100) direction this being 
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Fig. 57. flectrnn micrngril.ph of the" I ,,, stl'ucture for a single crysrnl of Alni<;o $,after annealing 
for 2 min at 8\)0 ··c in the ab$ence <lf <\magnetic field, followed by tc111pcrini; for 14 hrs at 585 "C. 

(, 100000) 
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coincident with the ficlJ Jirection (i:-ig_ 58)_ This leads to a rnicrnstrnctme in which the 

elongated "Fe-Co" particles have a preferred o!'ientatiorl. Ii can dearly be seen 1hal 

most particles are longitudinally modulated with a period practically equaf lo Ille inler
rod spadng_ 

After the 1drnrt anneal there arc still rn<rny "Fe-Co" "dumh-hcll;;;." The number of 

these has diminisheJ after an anr1caling time or 9 min, Lht: usual time in industrial 
heat treatment (Fig. 59). A detail of Lhir. strncture is shown in Fig. 60. The relics of 
the initi<il ~tructure, e.g. the faint links between the phases, are still visible in sqmc 
pJaCC'S. 

The dectron micrograph of Fig. 61 relates to a long isothermal anneul (4 hr~) in 
a magnetic field. In comparison with Lhe foregoing micrographs it can be seen that 
the coarsening ol"the structure during isother.nial heat treatrnent i~ accompanied by ~t 

change in the geomCLrical form ()f the phase boundaries: the contours, modulated 
in the e<irly stage of decomposition, become straighter· after prolong;1tion of the heat 
treatment. 

In orJcr lo invcstignt.e the influence of temperature on the micro>;tructurc, tl1e iso

thermal heal treatment was carried out also at higher temperatures. The electron mi
crograph of Fig. 62 reveals the strncture after a short anneal at 840 '-'C, which tem
perature is very near the "Curie point" of the alloy. The micrograph shows the same 

structural feat.ures as tlrnt of Fig. 58. 

3.3. Discu~~ion 

The electron micrngraphs clearly show the existence of many "dumb-bells" in the 
early stage oC decomposition. They justil"y the opinion that tt1e initial structure of the 
Alnico 8 alloy can be best characterized as two interlocking systems of "dumb-hells", 
a <rnd a', connected along three mutually perpendicular directions_ This picture is in 
cornplctc conformity with th;1( given by Cahn~") for the habit of the initial structure 
1·esulting from spinodal decomposition in cubic crystals, where elastic anisotropy 

favours< IOO) wavef.. Moreover, the micrographs show that during thi:' transition of 

the "dumb-bells" into rods, via the stage of longitudinally modulated particles, the 
distinct orientation along<, 100) directio115 continues to exist. The rcsulrn demonstrate 
thttt a11 elongated "Fc-C()" precipitate, parallc:l to the three< 100) directions, develops 

in Alnico 8, if the heat treatment is carried out in the absence of a magnetic field. 
Furthermore, the electron rnicrogr~phs, relating to ht:al trcatmcnt in a magnetic field, 

strongly support the view that in the initial stage of decomposition thrc(' <I OO> waves 
with practically the same wavelength. d~velop out or the originally homogeneous alloy. 
As a consequence of !his ii is almost certain that during magnetic annealing 1l Alniw 8. 
the magnetic.· .field does 1wt have the in_fluence allrilmied lo ii by Cahn, who stated 
that { !00} wavl'-1' /1('rpe11dicu!ar to the direction 4 ihe magnetic field are depressed 
_fi·om 1he heginning of' 1he decomposition_ 

An a.tt.empt. will be ma.de to determine t.he reason for this discrepency. Let us con
sider a sinusoidal compositional wave, as proposed by Cairn, as a systern of parallel 

platr:s_ having alternately the composition a and b. Tile magnetosmt.ic energy of such 
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Fig. 58. Electron micrograph of the a+ a' structure for a single crystal of Alnico 8, after an isothermal 
heat treatment for 3 min at 800 oc in a magnetic field. Plane parallel to the field direction. The origin 
of the very small bright white particles in this and the following figures within the "Ni-Al" phase 
could not be definitely established. (X 100000) 
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Fig. 59. Electron micrograph of the a + a' structure for a single crystal of Alnico 8, after an iso
thermal heat treatment for 9 min at 800 ac in a magnetic field. Plane parallel to the field direction. 

( x50000) 



-69-

Fig. 60. Detail of the a -'- a' structure shown in Fig. 59; the lower half being only the carbon 
support. ( x 100000) 
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Fig. 61. Electron micrograph of the a + a' structure for a single crystal of Alnico 8, after an iso
thermal heat treatment at 800 oc for 4 hrs followed by quenching. Plane parallel to the field direction. 
In addition to the lines perpendicular to the magnetic field found in the "Ni-Al" phase of Fig. 60, 
three gradations are visible. The light-grey regions, interspersed between the light "Ni-Al" phase 
and the dark "Fe-Co" phase may be explained by the presence of a transition composition (see 
also Fig. 1 03). (X 50000) 
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Fig. 62. Electron micrograph of the a a' structure for a single crystal of Alnico 8, after an iso
thermal heat treatment for 3 min at 840 "C followed by quenching. Plane parallel to the field direction. 

(x50000) 

a system of plates will be zero if the plates are parallel to the magnetization direction, 
but positive if they are perpendicular to it. Thus, the former mode of decomposition 
has a (slight) preference. In Fig. 44 the double tangent line is straight only if the 
free energy of the two-phase mixture is a linear function of overall concentration. If 
plates perpendicular to the magnetization direction are present this line should 
be replaced by a parabola, slightly curved upwards in the middle. Applying such 
a double tangent parabola to the F-x curve brings the tangent points somewhat 
towards each other. The miscibility is increased and the critical mixing temperature 
decreases. Hence, there will be a restrictive temperature region where parallel waves 
can occur but no perpendicular waves. 

An estimation of the extent of this region may be found by comparing the free 
energy of mixing AF1 with the magnetostatic free energy AF2 of a plane wave per
pendicular to the direction of magnetization. At a temperature T0 the molar free 
energy of mixing can be approximated by 

3.3.1 

where R is the gas constant (R:: 108 erg moi-1 oC-1
) and the critical temperature 

for the top of the miscibility gap. 
If, as proposed above, a sinusoidal plane wave is considered as a system of parallel 

plates a and b, the molar magnetostatic free energy perpendicular to the magnetiza-
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tion direction can be calculated from the equation 

3.3.2 

where N is the demagnetization coefficient (in this case 4n), .1/ is the difference in 
magnetization between a and b, Vm the molar volume andj(p) a function of the pack
ing factor p, with generally a magnitude of ~ 0.5. 

Since the average atomic weight of Alnico 8 amounts to approximately 50 and the 
specific density is approximately 7, Vm is approximately 7. If, at 800 °C, we take 
.1/ ~ 500 erg oersted -l cm-3 , L1F2 is found to be ~ 107 erg mol-1 • 

At a temperature T0 lying 10 degrees below Tc the magnetostatic free energy of the 
perpendicular wave( .dF2) is approximately one percent of the free energy ofmixing ( .dF1). 
A consequence of this is that the temperature region where perpendicular waves are 
absent is extremely small, such that this phenomenon will probably not occur during 
industrial heat treatment of Alnico 8, which is usually carried out fifty degrees below Tc. 

As seen in the micrographs of Figs. 58 to 61 , relating to planes parallel to the 
direction of the magnetic field, the formation of elongated "Fe-Co" particles takes 
place by continual annealing •). During this treatment there is a gradual coarsening of 
the structure. Some information about the mechanism of the process of coarsening 
can be gained from the electron micrographs in Figs. 63 to 67, representing the mi
crostructures of planes perpendicular to the field direction during heat treatment. 
Many imperfections are visible, disturbing the periodicity of the microstructure. 
The imperfections give a visual impression of dislocations, however having much 
larger dimensions than real dislocations. 

An explanation for these imperfections may be found in the earlier mentioned theoretical work of 
Hillert 7 0 ), who pointed to the possibility of a spectrum of wavelengths in the initial stage of decom
position. Yet another reason for their origination may be that spinodal decomposition of the crystal 
starts in different places simultaneously. 

It is reasonable to assume that the increase of the interphase spacing might be attri
buted to the "climb" of this sort of "dislocation". This idea is supported by the fact 
that a careful examination of the electron micrographs reveals different stages in the 
"climb" process. No further demonstration is necessary to show that for single crys
tals not heat treated in a magnetic field, the increase of wavelength and the local 
elongation of the "Fe-Co" phase parallel to a (100) direction are interconnected in 
this mechanism. Annealing in a magnetic field gives rise to a selective disappearance 
of the "dislocations", resulting in a preferential elongation of the "Fe-Co" phase 
parallel to the < 100) direction, which coincides with the di1 ection of the magnetic field 
during heat treatment. 

The question arises whether in this process only the interfacial and magnetostatic free 
energy must be taken into account, as considered by Zijlstra. A consequence of his 

*) A continuous increase of the anisotropy energy during annealing at a constant temperature in a 
magnetic field was found also to exist in Alnico 5 by Zijlstra 74). 
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Fig. 63. Electron micrograph of the a + a ' structure for a single crystal of Alnico 8, after an iso
thermal heat treatment for 5 min at 800 oc in a magnetic field. Plane perpendicular to the field 
direction. ( X 100000) 

Fig. 64. Electron micrograph of the a + a' structure for a single crystal of Alnico 8, after an iso
thermal heat treatment for 15 min at 800 oc in a magnetic field. Plane perpendicular to the field 
direction. (X 100000) 
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Fig. 65. Electron micrograph of the a + a' structure for a single crystal of Alnico 8, after an iso
thermal heat treatment for 60 min at 800 oc in a magnetic field. Plane perpendicular to the field 
direction. ( x I 00000) 

Fig. 66. Electron micrograph of the a + a' structure for a single crystal of Alnico 8, after an iso
thermal heat treatment for 4 hrs at 800 oc in a magnetic field. Plane perpendicular to the field 
direction. ( X 50000) 
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Fig. 67. Detail of the a + a' structure shown in Fig. 66. (X 100000) 
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theory is that the effect of magnetic annealing should be independent of the field di
rection with respect to crystal orientation. This means that the ultimate anisotropy 
for infinite annealing time at a given temperature should always be the same, regard
less of whether single crystals or polycrystalline samples are used. However, his ex
periments show that there is a marked difference in the ultimate values, those for 
single crystals being greater than those for polycrystalline material. Whilst he consider
ed that this could be due to crystal anisotropy, the size of the difference made this un
likely. 

In connection with the influence of field direction on particle orientation a number 
of other phenomena, mentioned in the literature, have to be considered. Heidenreich and 
Nesbitt 33

) found that when the field direction coincides with a principal crystallo
graphic axis ( (100), (110) or (111) ), the direction of easy magnetization is the field 
direction. However, if the field is applied at a moderate angle to a (100) direction, 
the direction of easy magnetization lies between the field vector and this < 100) di
rection. They also found that the magnetic anisotropy (at room temperature) is maxi
mum when the field is directed along a (100) direction. Heidenreich and Nesbitt are 
of the opinion that the precipitate generally follows the magnetic field, but that there 
is a great deal of scatter. They considered that ageing at 800 oc should at least parti
ally restore the precipitate to the (100) directions. Since they could make the precipi
tate only visible by electron microscopy after ageing at this temperature, they did not 
succeed in recording the original directions of the precipitate. 

Similar results have been obtained by Hoselitz and Me Caig 76
), and Yermolenko, 

Melkisheva and Shur 77). In studying the relation between the effect of a thermo
magnetic treatment and the orientation of the magnetic field in single crystals of Alni
co 5, the latter authors observed that the easy direction of magnetization Vai ies through
out magnetic annealing (at constant temperature), if the orientation of the field was 
at a substantial angle to a principal crystallographic axis. They found that in all such 
experiments the easy direction of magnetization recedes from the field direction and 
approaches a main crystallographic axis. Like Heidenreich and Nesbitt they were 
only able to study the morphology of the microstructure by electron microscopy in 
the over-aged condition. However, according to Yermolenko et al., ageing at 800 oc 
does not result in a significant change in the easy direction. Only one of their elec
tron micrographs, that relating to the (110) plane after magnetic annealing with a 
field in the [Ill] direction, reveals sufficient detail to justify the conclusion of a 
deviation of the particles from the (1 00) directions. 

Considering all the above results in the light of the ideas developed in this thesis, 
concerning spinodal decomposition in alnico alloys, it is very likely that in addition to 
interfacial and magnetostatic free energies other types, in particular elastic energy, 
play a role in the orientation of elongated particles by thermomagnetic treatment. 

The validity of this conclusion is perhaps reinforced by reference to Fig. 68, 
showing a {100} plane of Alnico 5, after cooling in a magnetic field parallel to a (111) 
direction. (It has to be noted that the sample has not been over-aged after this treat-
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Fig. 68. Electron micrograph of the a a' structure for a {100} plane of a single crystal of Alnico 5, 
after optimum cooling in a magnetic field parallel to a (I II) direction, followed by tempering for 
14 hrs at 585 °C. The angle between the two directions of the "Ni-Al" oxide film is "" 110 °. 

x50000) 
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ment.) It can be concluded from the electron microgtaph that the elongated "Fe-Co" 
particles are not exactly parallel to the (100) directions. The angle between the two 
directions visible in the micrograph is approximately 110°. It is quite possible that 
this angle is already present between the initial plane waves, e.g. by interference of 
elastic and magnetic energies. However, further work must be done to establish 
to what extent these energies play a role in particle alignment by thermomagnetic 
treatment. 



CHAPTER 4 

STRUCTURAL CHANGES DUE TO TEMPERING 

4.1. Survey of literature 

Phenomenology 

In order to obtain optimum magnetic properties, continuously cooled alnico alloys 
often need an additional constant temperature treatment, called tempering, between 
approximately 500 and 700 oc. Betteridge 2

) found that by tempering an 
alni alloy containing approximately 26.4% Ni and 12.5% Al at 650 °C, the remanence 
as well as the BHmax value rises, but the coercivity steadily falls off with increasing 
tempering time. 

Krainer and Raidl 78
) who investigated the influence of time on the properties of 

Alnico 5, tempered at 585 °C, found that the ultimate value of coercivity which 
could be obtained was essentially independent of the cooling rate. However, the 
faster the cooling, the longer the tempering time. More extensive investigations of 
the present author 79) show that the best results can be obtained if optimally cooled 
Alnico 5 magnets are subjected to a tempering treatment below 600 oc (Table IV). 

Zumbusch 80) reported that, especially for alloys containing Cu and Ti, a multiple 
tempering treatment at different temperatures is more favourable than a single treat
ment. Recent investigations of van der Steeg and de Vos 81 ) on Alnico 5 with a 
varying Cu content indicate that in this group of alloys a multiple tempering treatment 
is not essential for obtaining optimum properties, but is merely of technological 
importance, allowing a shortening of the total tempering time. A two-fold tempering 
treatment has now been generally introduced into the manufacture of the Ti·bearing 
Alnico 8 alloy. The necessity of such a multiple tempering treatment is also expressed 
in various patents, relating to the tempering process of alnico alloys containing Nb 
and Ta 82

). 

Reference must also be made to the behaviour of alnico alloys under cyclic heat 
treatments in the tempering region. Hansen 83) showed that the properties of tern· 
pered Alnico 5 are impaired after heating between 620 and 790 °C, but can be restored 
completely by re-tempering at 585 oc if the spoiling treatment has been carried out 
below 675 °C. After a treatment above this temperature, re-tempering at 585 oc only 
partly restores the coercivity. Fujiwara and Kato 84

) likewise observed this recovera
bility of the magnetic properties. Similarly to Hansen they pointed out that this 
behaviour of Alnico 5 is not associated with the magnetic field treatment. Investig· 
ations of Koch, van der Steeg and de Vos 28

) also presented evidence that the tem
pering process of Alnico 5 is reversible, provided that temperature and duration of 
the spoiling treatment are appropriately chosen. 
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TABLE IV 

Magnetic properties of Alnico 5 after optimum cooling followed by different tem
pering treatments. 

tempering treatment 

I 
~ 4nl, BHc BHmax 

ti (oC) (gauss) (oe) (gauss oe) 

1 550 14400 13550 480 4.8 X 106 

4 14400 13250 545 5.1 
l1 14250 13200 605 5.4 
25 14200 13050 620 5.7 
71t 14250 13200 630 5.9 
87t 14150 13100 635 5.9 

137t 14050 12950 610 5.9 
350t 14200 13000 630 5.8 
686 14000 12800 645 5.7 

1406 13900 12350 660 5.3 

4 585 13900 12800 640 5.6 
6 14000 12900 650 5.8 
8 14070 13000 655 6.0 

14 13800 12700 665 5.8 
18 I 13800 12600 660 5.6 

1 600 14050 13050 565 5.3 
4 14000 12900 610 5.5 

11 13950 12700 600 5.3 
25 13950 12600 605 5.3 

71t 13950 12600 605 5.4 
337t 13800 12450 530 4.5 
673t 13700 12250 505 4.2 

1009t 14000 12250 445 3.7 
1729t 13600 11650 380 2.9 

1 625 14500 13400 I 450 4.6 
2 14400 13450 505 5.0 
3 14400 13500 515 5.0 
4 14000 13000 525 5.1 
6 14200 13300 470 4.7 
8 14300 13200 470 4.5 

1 650 14200 13250 375 3.8 
2 14400 13500 330 3.3 
4 14550 13600 385 4.0 
6 14400 13500 330 3.4 

t 

I 
700 I 14500 14000 I 170 1.8 

1 14600 14000 142 1.1 
2 14400 13600 115 1.2 

t 

I 
750 14700 I 13400 55 

1 14900 14000 59 -:!' 

t 14800 I 13850 58 

Concepts 

In the course of time various authors have published their opinion about the 
structural changes in alnico alloys due to tempering. 

A concept which has often been promoted is that tempering is a process in which 
the plate-like nuclei, resulting from the controlled cooling, will increase in size. As 
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described in Section 3.1, Kittel et al. 72) thought these nuclei to be oriented if cooling 
takes place in a magnetic field. Various investigators e.g. Kronenberg 38

), Fabien
brach 39

) and Wittig 85
) were of the opinion that this concept was supported by their 

electron microscopical studies. 
Some investigators, including Oliver and Goldschmidt 26

), thought that during 
the tempering times commonly used in practice an fcc phase (y) originates from both 
bee phases (a and a'). As reported by van der Steeg and de Vos 86), the existence 
of an fcc phase (y2) in Alnico 5 magnets could not be proved by X-ray investigations 
until after tempering for approximately 1700 hrs at 600 "C; in this condition the coer
civity has already appreciably decreased (Table IV). Recently Arbuzov and Pavlyn
kov 87) reported the occurrence of an fcc phase in the sub-Curie temperature region 
of Alnico 5 after a relatively short anneal. As the fcc phase was found also to exist 
above 850 cc, and moreover an effect of undercooling below this temperature has 
been mentioned, it is not unlikely that the presence of the fcc phase must be attrib
uted to a compositional change of the alloy during the heat treatment. In connection 
with this, attention is drawn to the previously mentioned publication of van der Steeg 
and de Vos 81

), where it has been shown that, in Alnico 5-type of alloys, undercooling 
of the high temperature fcc phase (y 1) occurs if there is a deviation from the usual 
composition. 

The recoverability of the magnetic properties at cyclic tempering treatments was a 
particular reason for the birth of the supposition that order-disorder phenomena take 
place according to the fall and rise of temperature 83

). From dilatometric mea
surements, Kato 88

) concluded that there are even two different kinds of transforma
tion mechanism during the tempering process: above 650 oc a precipitation should 
occur, whilst below approximately 600 oc an order-disorder transition may take 
place. The latter was supposed to play an important role in achieving the high coer
civity of Alnico 5. Criseuoli 64

) also proposed that changes in dilatation of Alnico 5 
in the temperature range from 350 to 550 "C might be due to ordering *). 

Livshits 89
), was the first to suggest that during tempering of alni alloys a 

so-called "post-precipitation" occurs by which the iron content of the a phase 
decreases. As a consequence of this it was believed that the a phase becomes para
magnetic at room temperature leading to an increase of the coercivity. Similarly, 
Koch, van der Steeg and de Vos 28

), thinking in terms of a modulated structure, 
suggested that tempering may be a process in which the amplitude of the composition 
modulation increases, resulting in an increase of the differences in magnetization 
within the a a' duplex structure. 

The view that the increase of the coercivity by tempering must be attributed to some 
compositional change in the a a' structure is supported by measurements of 
magnetization and coercivity as a function of temperature. Particularly the work of 
Clegg and McCaig 90), relating to an alloy containing approximately 25% Co, 13% 
Ni, 8% AI, 3% Cu,0.7% Nb, balance Fe, has to be noted. In their opinion that for 
this alloy, after optimum cooling, the modulated structure is ferromagnetic at room 

*) See also Section 2.5. 
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temperature, whilst in the high coercive state some zones become definitely para
magnetic, the authors associate themselves with the above mentioned ideas of Koch et 
al .. If the temperature is raised above 600 oc the composition modulation should 
quickly change to that corresponding to the new temperature, without changes in 
the morphology of the structure. The reversibility of the magnetic properties by re
tempering should then be connected with the reversible change in the composition 
modulation. 

Recently Shur, Magat and Yermolenko 91 ) published the results of an X-ray 
investigation of the processes occurring during tempering. From the position of the 
satellites near the (310) and (220) main reflections the authors calculated a modulation 
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Fig. 69. Records of the magnetization and coercivity measured at rising and falling temperature for 
the Alnico 5 samples investigated by van Wieringen and Rensen 
a. After optimum cooling. 
b. After additional tempering for 14 hrs at 585 'C. 
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period of about 360 A for the concentration variation brought about by cooling 
Alnico 5 at a rate of 1.5 ac;sec (He 160 oersted). After tempering for 24 hrs at 
590 ac followed by 24 hrs at 560 oc (He= 460 oersted) a period of 330 A was 
observed, which within experimental error, is the same as after optimum cooling. 
By subsequent annealing for 4 hrs at 650 oc the coercivity decreased to 260 oersted 
but the modulation period was unaltered. The coercivity recovered after re-tempering 
to the original value (480 oersted) without influence on the modulation period. This 
was increased to 740 A after annealing for 3 hrs at 750 °C, whilst at the same time the 
coercivity decreased to 60 oersted. These X-ray investigations thus support the above 
mentioned ideas of Koch et al.. 

Strong evidence is also obtained from Mossbauer measurements on Alnico 5 
by Van Wieringen and Rensen 92). Fig. 69 shows, for the samples investigated, the 
course of coercivity as a function of temperature. The authors found that after the 
controlled cooling all Fe atoms are in ferromagnetic surroundings at room temperature, 
on the understanding that part of the iron is in a much smaller (almost zero) local 
magnetic field than the bulk. At 200 oc the coercivity of this sample amounts to 
535 oersted, and a small part of iron is found to be in non-magnetic surroundings 
(~ 2 percent). After tempering, approximately 5 percent of the iron atoms are in 
non-magnetic surroundings at room temperature (He 630 oersted), whilst this 
percentage increases to 9 percent at 200 oc (He= 645 oersted). The authors came 
to the conclusion that the boundaries between the a and a' regions are not fixed but 
change their position with temperature. 

In the next sections the structural changes in a number of alloys as a result of tem
dering will be examined by electron microscopy. This is followed by a general discus
sion of the experimental results. 

4.2. Experimental results for alni alloys 

Continuous cooling 

As stated in the previous section, Betteridge 2
) found that the coercivity of an 

optimally cooled alni alloy, containing 26.4% Ni and 12.5% AI, decreases by tem
pering. Contrary to this, investigations have shown that the coercivity of alni alloys 
with a rather high aluminium content is favourably influenced by tempering sub
sequent to optimum cooling. The variation of coercivity with composition for a 
tempering treatment at 700 cc is illustrated in Table V and Fig. 70. 

Fig. 71 shows the microstructure of the alloy with the composition 36 at.% Fe, 
37 at.% Ni and 37 at.% AI after tempering. Comparing this figure with Fig. 13 it 
can be seen that the ultrafine (hence probably partly superparamagnetic) predomi
nantly equiaxed Fe-rich a' particles have grown during tempering to approach an 
optimum size and thus give an increase in coercivity. For alloys having an Fe content 
in the neighbourhood of 50 at.%, tempering will probably result in particle 
growth above an optimum value and lead to a coercivity decrease. 
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TABLE V 

Magnetic properties for a range of Fe·NiAI alloys, after optimum cooling and sub· 
sequent tempering. 

composition (at.%) tempering treatment magnetic properties 

Fe Ni AI time (hr) temp (oC) 4nl., I 4n/, BHc lHc 

(gauss) (gauss) (oe) (oe) 

20 40 40 10 750 1780 560 75 80 
26 37 37 2 700 3780 1300 105 115 
30 35 35 2 4660 1950 195 225 
33.4 33.3 33.3 3 5520 2650 420 450 
36 32 32 2 6200 3100 500 615 
40 30 30 2 7110 3750 610 695 
42.8 28.6 28.6 1 7840 4300 650 710 
46 27 27 1 8310 4650 635 655 
50 25 25 1 9660 4900 535 560 
55.6 22.2 22.2 2 10630 7050 405 420 
60 20 20 2 11820 8100 265 300 
66.6 16.7 16.7 2 13765 9000 85 120 

Isothermal heat treatment *) 

It may be asked whether it is possible to achieve optimum magnetic properties by 
subjecting the quenched and isothermally treated alni alloys to a subsequent tempering 
at 600 to 700 °C. As shown in Table VI, which relates to the alloy with 50 at.% Fe, 
however, the results of such a treatment, although tending to higher coercivity, do 
not reach 700 oersted, as obtained by continuous cooling. It was found that, if the 
isothermal heat treatment is carried out in successive steps, whereby the temperature 

700 

~ 600 

~ 
! 500 

<> 
~.roo 
.b 
:~ 300 
:.; 
8 200 

I TOO 

0 

I 
! I 
v 

I 
I X\ I 

af / \ \b 

'I \ \! 
~ 

~ 
~ 

' Fe TOO 90 80 70 60 50 40 30 20 
0 TO 20 30 40 50 60 70 80 

composition (at.%} 

*) See also Section 2.5. 

Fig. 70. Intrinsic coercivity for 

10 0 
a range of Fe-NiAI alloys, after 

90 TOO NiAI continuous cooling (curve a) and 
additional tempering (curve b). 



-85-

Fig. 71. Electron micrograph of the a + a' structure for an alloy containing 36 at.% Fe, 32 at.% 
Ni and 32 at.% Al, after optimum cooling followed by tempering for 2 hrs at 700 °C. ( x 25000) 

is gradually lowered, the coercivity more closely approaches that value. An explana
tion of this may be found in the nature of the microstructure. 

Fig. 72 shows the structure of the 50 at. % Fe alloy after an isothermal heat treatment 
at 900 °C for 10 min followed by quenching. Fig. 73 reveals the structure after sub
sequent tempering of the same specimen at 700 °C for 4 hrs. It can be seen that the mor
phology of the a + a' structure is essentially the same. However, after the tempe
ring treatment a very fine precipitate of Fe-rich a' particles is visible within the NiAl 
phase. 

The electron micrographs obtained from a specimen which has been subject to the 
above isothermal heat treatment at 900 °C, followed by stepwise cooling, show the 
same structural characteristics (Figs. 74 and 75). However, the fine secondary Fe-rich a' 

precipitate in the NiAl-rich a matrix is almost absent. 
The He and a vs T curves of the specimens annealed for 3 and 10 min at 900 °C 

followed by quenching are shown in Figs. 76 and 77, illustrating the previously de
scribed maximum in coercivity and abnormal course of magnetization. After tem
pering, however, both these effects are absent, the curves thus reverting to the original 
form achieved by optimum cooling (Figs. 78 and 79). The curves for rising and fal
ling temperature again coincide. 

Following on from the ideas developed in Section 2.5, it may be assumed that, after 
the short isothermal heat treatment at 900 °C, followed by quenching, the NiAl-rich a 

matrix is in a segregated state. As seen in the electron micrographs, tempering of the 
material in such a condition results in a secondary Fe-rich a' precipitate within the 
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Fig. 72. Electron micrograph of the a + a' structure for an alloy containing 50 at.% Fe, 25 at.% 
Ni and 25 at.% AI, after an isothermal heat treatment for 10 min at 900 oc followed by quenching. 

(;.; 25000) 
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Fig. 73. Electron micrograph of the a + a' structure for the same sample as in Fig. 72, after sub
sequent tempering for 4 hrs at 700 oc. ( x 25000) 
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Fig. 74. Electron micrograph of the a + a' structure for an alloy containing 50 at.% Fe, 25 at.% 
Ni and 25 at.% AI, after a stepwise heat treatment, consisting of 10 min at 900 cc, 10 min at 850 oc 
and 15 min at 800 oc. ( x 25000) 
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Fig. 75. Electron micrograph of the a + a' structure for an alloy containing 50 at.% Fe, 25 at.% 
Ni and 25 at.% AI, after a stepwise heat treatment, consisting of 10 min at 900 oc, 10 min at 850 oc, 
15 min at 800 °C, 30 min at 850 oc and 240 min at 700 "C. The microsection approximates to a 
{ 111} plane. ( x 25000) 
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a matrix. 
If the isothermal heat treatment is followed by a gradual or stepwise cooling, the ob

served absence of such a precipitate can be attributed to the continuously present 
low level of Fe supersaturation within the a matrix. This, together with such factors 
as diffusion path, will make conditions favourable for the migration of Fe atoms 
to the already existing Fe-rich a' phase. 

Whilst both conditions, namely "precipitated" and "diffused" Fe, give rise to 
the normal decrease of He and a with temperature (see e.g. Figs. 33 and 78), thus in
dicating the presence of a single magnetic phase, the former results in a coercivity of 
only 400 to 500 oersted. The optimum value of 700 oersted is reached when the iron 
has diffused to the a' phase. The explanation of this considerable difference in coer
civity may be found in the often spherical and ultrafine ( < 40 A), hence possibly 
partly superparamagnetic character of the secondary Fe-rich particles. 
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Cyclic heat treatment 

The question whether a reversibility of coercivity can also be shown in alni alloys 
was investigated on the alloys containing 40 at. % Fe, 30 at. % Ni, 30 at. % Al, and 
50 at. %Fe, 25 at. % Ni, 25 at. %AI. Since for these alloys the industrial heat treat
ment usually consists of a relatively fast cooling from the high temperature a region 
(no additional tempering), the time for spoiling and recovering of the properties is 
purposely taken very short: the samples are quickly heated to the respective tempera
tures and quenched. Particulars of the cyclic treatments and the results of the measure
ments are shown in Table VII. 

These results verify the idea that the effect of reversibility also occurs in alni alloys. 



TABLE VII 

Magnetic properties of two alni alloys as a result of cyclic heat treatment, demonstrating the reversibility of the coercivity. 

composition (at %) magnetic properties 

No. cyclic heat treatment 4nl, I 4nl, nHc BH max Fe Ni Al (gauss) I (gauss) (oe) (gauss oe) 

40 30 30 1 optimum cooling 6580 3400 455 0.41 J06 
2 (1) heated to 850 then quenched 5780 2800 355 0.26 
3 (2) + heated to 800 °C, then quenched 5920 2900 450 0.34 
4 (3) heated to 750 °C, then quenched 6230 2900 450 0.34 
5 (4) + heated to 700 oc, then quenched 6380 3000 465 0.38 
6 (5) + tempered at 700 oc (30 min) 6750 3400 475 0.44 

50 25 25 I optimum cooling 8930 4950 610 0.92 
2 ( 1) + heated to 850 then quenched 8680 4800 425 0.69 
3 (2) heated to 800 then quenched 8710 4800 530 0.78 
4 (3) heated to 750 oc, then quenched 8840 4800 550 0.83 
5 (4) + heated to 700 oc, then quenched 9080 4850 550 0.84 
6 (5) +tempered at 700 oc (30 min) 9220 5050 550 0.87 

50 25 25 I optimum cooling 8880 4900 605 0.96 
2 (I) + heated to 850 °C, then quenched 8700 4850 425 0.65 
3 (2) heated to 800 °C, then quenched 8420 4650 520 0.79 
4 (3) heated to 750 °C, then quenched 8650 4750 545 0.83 
5 (4) + heated to 700 °C, then quenched 8350 4550 565 0.85 

\0 
w 
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The electron micrograph of Fig. 80 shows the structure of the optimally cooled alloy 
with 50 at. % Fe, after re-heating to 850 oc, followed by quenching. Comparing this 
with Fig. 12, it can be seen that there are no essential differences in the morphology of 
the a+ a' structure between the higher and lower coercive state. The small decrease in 
coercivity for this alloy after the complete cycle of heat treatments is probably due to 
the unavoidable coarsening of the structure. This leads to an increase of coercivity for 
the alloy containing 40 at. % Fe, which agrees with the result obtained by tempering 
the continuously cooled alloy. 

4.3. Experimental results for Alnico 5 

Continuous cooling 

In order to examine the structural changes due to tempering after a continuous 
cooling, the microstructure resulting from the latter treatment was first determined. 
Crystal oriented magnets of the material, made by continuous casting 7 ), were cooled 
in the temperature region between 900 and 600 oc at a rate of 0. 7 °Cjsec wtth a mag
netic field parallel to a (100) direction. The controlled cooling was terminated at dif
ferent temperatures by quenching the samples in oil. The magnetic properties of the 
quenched specimens are given in Table VIII, while the properties after tempering the 

Fig. 80. Electron micrograph of the a a' structure for an alloy containing 50 at. %Fe, 25 at. % 
Ni and 25 at.% Al, after optimum cooling and re-heating to 850 "C in 1 t min, followed by quenching. 

(X 25000) 
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TABLE VIII 

The influence of quenching temperature and tempering time at 585 oc on the magnetic 
properties of continuously cooled Alnico 5 *). 

quenching 
tempering 

4nl, time at 585 oc 
temp. COC) 

(hr) (gauss) 

550 0 14200 
550 14 13960 

600 0 14000 
600 14 13840 

650 0 14370 
650 14 13920 

700 0 14610 
700 14 13800 
700 42 13960 
700 66 13860 

725 0 14780 
725 14 13650 
725 42 13800 
725 66 13800 

750 0 14800 
750 14 13650 
750 42 

I 
13900 

750 66 13900 

775 0 14800 
775 14 14000 
775 42 13980 
775 66 13980 

800 0 
800 14 13770 
800 42 13800 
800 66 13800 

825 0 -
825 14 6300 ** 
825 52 6400 ** 

*) Specimen size necessitated use of the A.E.G. double yoke. 
**) Approximate values only. 

He BHmax 
(oe) (gauss oe) 

615 6.8 106 

740 8.4 

580 6.3 
740 8.3 

440 5.4 
740 8.4 

195 -

745 8.1 
755 8.2 
755 8.3 

105 -·-

740 7.6 
755 8.1 
750 8.2 

70 
725 7.4 
755 8.1 
755 8.0 

50 
690 7.0 
745 7.7 
765 8.0 

10** -

160 
190 
175 

-
20 ** -
30 ** -
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specimens at 585 oc for 14, 42, and 66 hrs respectively are also mentioned. Fig. 81 is 
a plot illustrating the value of the coercivity before and after tempering (14 hrs), 
as a function of the quenching temperature. This figure indicates that the lower the 
temperature of quenching the higher the value of coercivity prior to tempering, on the 
understanding that He remains nearly constant if the cooling is continued below ap
proximately 600 °C. Further, it appears from the investigation that the ultimate 
magnetic properties are practically independent of the quenching temperature, pro
vided this was not chosen above approximately 775 oc. However, the samples quench
ed from this latter temperature need a longer tempering time. The above results agree 
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Fig. 81. Plot of the coercivity of Alnico 5 before and after tempering, as a function of the quenching 
temperature during continuous cooling. 

very well with those obtained for polycrystalline Alnico 5 by Koch, van der Steeg and 
de Vos 28

). 

Fig. 82 shows the electron micrograph of a {100} plane of the sample quenched 
from 825 °C, perpendicular to the direction of the magnetic field, indicating the early 
stage of decomposition. Nothing can be said about the morphology of this segre
gated structure. 

On cooling the sample to 800 ac, the microstructure begins to manifest itself 
somewhat clearer (Fig. 83), although there is not yet a pronounced differentiation in 
the oxide layer. 

The structural elements outline themselves clearer, as the temperature of quenching 
further decreases (Figs. 84-·87). Since, from approximately 775 ac, the perpendicular 
sections are nearly identical, it is to be expected that from this temperature the overall 
morphology of the a + a' structure remains essentially the same. 

Likewise, optimum tempering of the samples does not involve perceptible changes 
in the morphology of the microstructure. This is illustrated by Figs. 88 and 89, relat
ing to the samples quenched from 750 and 700 oc, followed by a tempering treatment 
at 585 cc for 66 hrs. 
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Fig. 82. Electron micrograph of the a + a' structure for Alnico 5, quenched from 825 oc during 
optimum cooling; {100} plane perpendicular to the field direction. (X 50000) 

Fig. 83. Electron micrograph of the a + a' structure for Alnico 5, quenched from 800 oc during 
optimum cooling; {100} plane perpendicular to the field direction. (X 50000) 
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Fig. 84. Electron micrograph of the a a' structure for Alnico 5, quenched from 775 oc during 
optimum cooling; {100} plane perpendicular to the field direction. ( x 50000) 

Fig. 85. Electron micrograph of the a a' structure for Alnico 5, quenched from 750 oc during 
optimum cooling; {100} plane perpendicular to the field direction. ( x 50000) 
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Fig. 86. Electron micrograph of the a a' structure for Alnico 5, quenched from 725 oc during 
optimum cooling; {100} plane perpendicular to the field direction. (X 50000) 

Fig. 87. Electron micrograph of the a a' structure for Alnico 5, quenched from 700 'C during 
optimum cooling; {100} plane perpendicular to the field direction. (X 50000) 
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Fig. 88. Electron micrograph of the a X a' structure for Alnico 5, quenched from 750 oc durina 
optimum cooling, followed by a tempering treatment at 585 oc for 66 hrs; {100} plane perpendiculO) 
to the field direction. (X 50000) 

Fig. 89. Electron micrograph of the a a' structure for Alnico 5, quenched from 700 oc during 
optimum cooling, followed by a tempering treatment at 585 ''C for 66 hrs; {100} plane perpendicular 
to the field direction. ( x 50000) 
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In all these electron micrographs the matrix is formed by the "Ni-Al" phase, whilst 
the "Fe-Co" precipitate has a more or less rectangular cross-section. The cubic anay 
of these particles is obvious and in many places they have grown out in a ( 100) 
direction perpendicular to the field direction. 

Fig. 90 represents the electron micrograph of another replica taken from a perpen
dicular section of the sample cooled to 700 °C. In this, the white surrounds of the 
"Fe-Co" phase are fully absent. Together with 91, relating to the structure of the 
sample parallel to the magnetic field direction, it gives a clear picture of the perma
nent magnet structure of Alnico 5. It can be seen that the "Fe-Co" phase occupies by 
far the greater volume. In connection with this the "Ni-Al" phase manifests itself as 
a thread-like oxide film, still forming however, a coherent network. (For this reason it 
is very difficult to obtain replicas of this material without any damage.) In view of the 
many links perpendicular to the magnetic field direction it is quite possible that the 
"Fe-Co" phase in this material is also continuous. Attention is further drawn to the 
comparatively poor alignment of the "Fe-Co" particles. 

Isothermal heat treatment 

Koch, van der Steeg and de Vos isothermally heat treated Alnico 5 magnets 
between 750 and 850 °C, after which these were quenched in oil. It was found that the 
coercivities of all specimens were very low at room temperature ( <30 oersted), 
while tempering never led to optimum values *). Similar results were obtained by 
Nesbitt and Williams 93). 

Fig. 92 shows the variation of He and a with temperature for an isothermally treated 
specimen, which was subsequently quenched. It is seen that in this condition the co
ercivity (~20 oersted) increases slowly up to approximately 600 oc. Beyond this tem
perature it increases rapidly, and is no longer reversible. This is certainly due to chan
ges in the microstructure and for this reason it is not admissible to relate the maximum 
in the He vsT curve to the initial condition of the specimen. Although there is no 
doubt that, without these microstructural changes, the course of the He vs Tcurve in the 
high temperature region would differ from the recorded curve, it is to be expected that 
a maximum will occur in the neighbourhood of:=::; 750 cc. This might indicate that, 
after an isothermal heat treatment in the temperature region from 800-850 oc followed 
by quenching, both a and a' phases have a high Curie temperature. It is almost certain 
that the small difference in magnetization intensity between these phases below 600 oc 
is responsible for the observed low coercivity in this region (see Equation 2.5.1). 

The a vs T curve of the sample shows no discontinuities. In comparison with that of 
a sample in the optimum permanent magnet state (Fig. 69b) however, it has a more 
linear and steeper fall-off from room temperature to approximately 650 °C. 

After tempering for 14 hrs at 585 oc subsequent to the isothermal heat treatment, 
the coercivity at room temperature amounts to 160 oersted. The He vs T curve (Fig. 93) 

*) From experiments of Wittig 8 5), confirmed by those of the present writer, it appears that optimum 
properties can be obtained after tempering, if a short isotherma![heat treatment between 800 
and 850 °C is followed by a continuous cooling(~ 1 °C/sec) or a stepwise heat treatment. 
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Fig. 90. Electron micrograph of the a + a' structure for Alnico 5, quenched from 700 oc during 
optimum cooling; {100} plane perpendicular to the field direction. (x50000) 
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Fig. 91. Electron micrograph of the a -:- a' structure for Alnico 5, quenched from 700 oc during 
optimum cooling. Plane parallel to the field direction. Much damage of the thread-like phase is 
visible. ( 50000) 
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Fig. 93. Records of the magnetization and coercivity as a function of temperature for Alnico 5, after 
an isothermal heat treatment for 2 min at 830 ac, followed by quenching and tempering at 585 oc 
for 14 hrs. 

has a flat maximum in the neighbourhood of 400 °C. (After optimum cooling follow
ed by tempering this maximum is at about 200 oc, Fig. 69b.) Apart from this it has the 
same characteristics as that of Fig. 92. 

The a vs T curve of the tempered specimen resembles that of Fig. 69b, relating to the 
optimum permanent magnet state. 

Fig. 94 shows the structure of Alnico 5 after an isothermal heat treatment at 820° C 
for 10 min in a magnetic field, and additional tempering at 585 °C. Although much 
coarser, the microstructure of this parallel section generally resembles that of the op-
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Fig. 94. Electron micrograph of the a + a' structure for Alnico 5, after an isothermal heat treatment 
for 10 min at 820 oc and an additional tempering for 14 hrs at 585 oc. Plane parallel to the field 
direction. ( x 50000) 
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timally cooled sample (Fig. 91). However, analogous to Fig. 73, representing the struc
ture of the alni alloy with 50 at. ~~ Fe after a similar heat treatment, a feature of 
Fig. 94 is the large number of very small "Fe-Co" precipitates in the "Ni-Al" phase. 
Further, the micrograph raises the supposition that the "Fe-Co" phase itself contains 
very fine "Ni-Al" particles. 

From these investigations it can be concluded that the low coercivity of Alnico 5 after 
an isothermal heat treatment at 800-850 "C, followed by quenching and subsequent 
tempering at about 600 "C, must be attributed to a secondary decomposition of the 
"Ni-Al" phase (possibly also of the "Fe-Co" phase), due to the high supersatura
tion of these phases. In this respect there is a complete similarity in the behaviour of 
Alnico 5 and the alni alloy with 50 at.% Fe, after the same kind of heat treatment. 

Cyclic heat treatment 

The experiments of Alnico 5 are concluded with an electron microscope examination 
of a single crystal of the alloy *), subjected to a cyclic heat treatment in the tempering 
region. After optimum cooling (He = 550 oersted) the sample was tempered for 14 hrs 
at 585 oc (He 715 oersted), subsequently spoiled at 750 oc for 3 min (He 110 
oersted) and finally re-tempered at 585 oc (He 675 oersted). The coercivity present 
after the first tempering, is thus almost fully restored by the last treatment. 

Figs. 95, 96 and 97, relating to the microstructures of a plane parallel to the mag
netic field during cooling, irrefutably prove that, after each stage of the cyclic heat 
treatment, the morphology of the structure is essentially unaltered. As in the forego
ing case, there is thus a full resemblance with the 50 at. % Fe alloy of the alni group. 

4.4. Experimental results for Alnico 8 

Permanent magnets of Alnico 8 behave in many respects like those of Alnico 5. 
For this reason and also because in Chapter III the formation of particle alignment 
in this alloy has amply been discussed, investigations will now be confined to some 
particular aspects. 

In contradistinction to Alnico 5, magnetic properties of Alnico 8 are improved by 
an isothermal heat treatment in the temperature region from 800-850 cc, followed by 
tempering. Table IX illustrates the difference in magnetic properties of a crystal-orien
ted magnet of this alloy after both types of heat treatment (No. 1 and 2a). This can 
be understood by comparing the microstructure of the sample after continuous cool
ing (Fig. 98), with that of Figs. 59 and 60 representing the structure after an optimum 
isothermal heat treatment. It is seen that,from the point of view of shape anisotropy, 
continuous cooling results in a less favourable structure: the elongation of the "Fe-Co" 
particles is less, and their alignment is not so pronounced. 

* This single crystal was made by the Czochralski method 
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TABLE IX 

Variation of magnetic properties of Alnico 8 with heat treatment. 

No. of 
heat treatment 

4nl, He BHmax 
sample (gauss) (oe) (gauss oe) 

1 continuous cooling + tempering for 2 hrs 10180 1330 7.3 X 106 

at 650 oc + 20 hrs at 585 oc 
2a optimum isothermal heat treatment (9 min 11370 1360 11.2 

at 800 oq tempering for 2 hrs at 650 oc 
+ 20 hrs at 585 oc 

2b (2a) spoiling at 750 oc for 5 min 11640 930 8.5 

2c (2b) + re-tempering for 2 hrs at 650 oc + 11400 1370 11.3 
20 hrs at 585 oc 

3 isothermal heat treatment ( 4 hrs at 800 oq 10400 825 4.9 
+ tempering for 2 hrs at 650 oc + 20 hrs 
at 585 oc 

Fig. 95. Electron micrograph of the a a' structure for Alnico 5, after optimum cooling. Plane 
parallel to the field direction. ( 25000) 
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Fig. 96. Electron micrograph of the a a' structure for the same sample as shown in Fig. 95, after 
an additional tempering for 14 hrs at 585 "C. Plane parallel to the field direction. (X 25000) 

Fig. 97. Electron micrograph of the a + a' structure for the same sample as shown in Fig. 96, after 
a cyclic treatment for 3 min at 750 cc and re-tempering for 14 hrs at 585 oc. Plane parallel to the 
field direction. (X 25000) 
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Fig. 98. Electron micrograph of the a a' structure for Alnico 8, after continuous cooling from 
875 cc at a rate of 0.5 oC/sec and an additional tempering for 2 hrs at 650 oc + 20 hrs at 585 oc. 
Plane parallel to the field direction. ( x I 00000) 
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The phenomenon of reversibility in magnetic properties after cyclic heat treatments 
in the tempering region is once again demonstrated in Table IX for a crystal-oriented 
magnet of Alnico 8 (No. 2a, b and c). The previously demonstrated identity in mor
phology of the a + a' structure for other alloys after this type of heat treatment is 
shown in Figs. 99-10 I for Alnico 8. There seems to be a difference in structure between 
Figs. 99 and 100. However, this is very probably due to a different orientation of the 
longitudinal section investigated. For illustration Fig. 102 shows an electron micro
graph of the same sample, in which two grains are visible. 

To conclude this investigation on Alnico 8, the effect on tempering on the isother
mally treated sample as seen in Fig. 61 is illustrated in Fig. 103. It can be observed 
that a secondary precipitation has occurred, not only along the perpendicular lines, 
but also within the light "Ni-Al" phase. 

A striking precipitation is also visible in the areas considered previously to be a 
tr~nsition state. In consequence of this they can even be better localized than in Fig. 61. 
There is no doubt that a study of their shape transformation during annealing will 
provide further particulars on the mechanism of structural coarsening in alnico alloys. 

In analogy with the results found for other alloys of this type it is to be expected that 
the secondary decomposition within the "Ni-Al" phase is responsible for the lower 
coercivity obtained after tempering, if the isothermal heat treatment of Alnico 8 is 
followed by quenching instead of a moderate cooling. 

4.5. General discussion 

From the present knowledge, completed with the results of the previous investiga
tions, an attempt will now be made to formulate a more definite pattern of the structu
ral changes in alnico alloys due to tempering. 

In this, the alloys for which the initial stage of the heat treatment consists of a 
continuous cooling will first be considered. 

The observations for Alnico 5 strongly support the view that, as already explained 
in Section 2.7 for the alni alloys, the morphology of the a a' structure comes into 
being during the early stage of the continuous cooling, i.e. in the temperature region 
lying immediately below the solubility limit (within approximately 7 5 degrees). During 
continuation of the cooling no further essential changes occur in the morphology, 
and the increase of coercivity must obviously be attributed to an increase in the differ
ence in magnetization intensity between the a and a' phases. It is most likely that this 
is the result of a gradual change in composition difference, arising from an inter
change of atoms, due to a continuously present low supersaturation of both phases. 

In principle, the latter part of the cooling treatment (below about 775 oq does 
not differ essentially from the subsequent tempering process at constant tempera
ture. During this process the a and a' phases will tend to the equilibrium compo
sition for the particular temperature e.g. 585 °C, without changing the morphology 
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Fig. 99. Electron micrograph of the a + a' structure for Alnico 8, after an isothermal heat treatment 
for 9 min at 800 oc and subsequent tempering for 2 hrs at 650 oc and 20 hrs at 585 oc. Plane parallel 
to the field direction. (X 50000) 

Fig. \00. Electron micrograph of the a -1- a' structure for the same specimen as shown in Fig. 99, 
after spoiling for 5 min at 750 'C. Plane parallel to the field direction. ( x 50000) 
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Fig. 101. Electron micrograph of the a a' structure for the same specimen as shown in Fig. 100 
after re-tempering for 2 hrs at 650 oc and 20 hrs at 585 oc. Plane parallel to the field direction 

(X 50000) 

Fig. 102. Electron micrograph of the a + a' structure for the same specimen as shown in Fig. 101. 
Two grains with a different orientation are visible. ( 25000) 
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Fig. 103. Electron micrograph of the a + a' structure for Alnico 8, after an isothermal heat treat
ment for 4 hrs at 800 oc and subsequent tempering for 2 hrs at 650 "C + 20 hrs at 585 oc. Plane 
parallel to the field direction. (X 50000) 
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of the structure, manifesting itself in a further rise of the coercivity. Tempering for 
too long a time results in an undesirable coarsening of the structure, giving rise to a 
decrease of the coercivity. 

In the alni alloys the equilibrium composition of the a and a' phases at approx
imately 700 oc is probably already reached after the controlled cooling. Therefore 
these alloys do not need additional tempering. 

The changes in the a a' structure of alnico alloys during a moderate cooling 
subsequent to an isothermal heat treatment at a temperature close to the solubility 
limit, and additional tempering, are in principle the same as those described above. 

During properly chosen cyclic heat treatments reversible changes in the coercivity 
also occur without visible changes in the a + a' structure. This applies for both 
Alnico 5 and Alnico 8 and the commercial alni alloys containing approximately 
50 at.% Fe. 

In combination with the results obtained by van Wieringen and Rensen, the 
experiments thus strongly support the earlier concept of Koch, van der Steeg and de 
Vos, whereby tempering subsequent to the continuous cooling was seen as a process 
of increasing phase composition difference, without essentially changing the morpho
logy of the structure. 

The low coercivity of alnico alloys after an isothermal heat treatment at a temper
ature immediately below the solubility curve followed by quenching, must be attributed 
to an appreciable magnetization intensity of the a matrix at room temperature. 
Strong evidence is obtained for a heterogeneous state of the "Ni-Al" phase, giving 
rise to the initially "saucer-like" shape of the a vs T curve, and the reversible change 
of coercivity with temperature below approximately 400 oc. 

Tempering of these quenched alloys at 600-700 oc results in a secondary preci
pitation of particles rich in Fe or Fe-Co within the "Ni-Al" phase. The presence of 
these ultrafine (often spherical) particles prevents optimum coercivity being achieved. 

Finally, the structural changes which occur in NiAl-rich alni alloys after tempering 
will be briefly considered. It is seen in Table I that the continuous cooling for these 
alloys must be very slow, probably because of an extended diffusion path of the 
Fe-atoms in the NiAl matrix. In connection with this, the increase in coercivity as 
a result of tempering subsequent to the continuous cooling must be attributed to a 
coarsening of the structure, leading to a favourable change in the size spectrum of 
the Fe-rich a' particles. 



GENERAL SUMMARY 

As for many materials, the quality of alnico permanent magnet alloys has up to now 
been more or less improved by trial and error. It is certainly to be expected that the 
present value of the energy product ( ·~ 13 x 106 gauss oersted) will be further in
creased by this method. The increasing amount of effort needed to achieve a small 
improvement indicates however, that a better insight into the fundamental processes is 
necessary. The thesis focuses attention on some essential aspects of the "alnico pro
blem". 

The first of these is the identification of the crystallographic character of the phases 
present in the optimum permanent magnet state. Earlier X-ray and electron diffrac
tion investigations have resulted in two concepts, the first of which states that per
manent magnet properties in this type of alloys are primarily connected with the pre
sence of two bee phases a and a', the former being rich in Fe or Fe-Co, the latter rich 
in Ni-Al. Contrary to this, it is also contended that in addition to these phases an 
fcc phase (y) plays a role in achieving optimum magnetic properties. The weight of 
the evidence based upon the results of the most important investigations indicates that 
the first concept is more likely. The question remains however, whether the two phases 
are truly distinct or must, in some way, be considered as a composition modulation 
within a matrix structure. 

Accepting the idea of a duplex structure in the optimum permanent magnet state, 
consideration must be given to the precise reason for magnetic hardness. The presence 
of rod-like particles, as previously revealed by electron microscopical studies, together 
with the results of torque measurements, support the view that shape anisotropy is the 
main source of high coercivity. This conclusion served as a basis for the original work 
described in the thesis. 

In order to obtain an insight into the origin of the elongated particles, the character 
of the decomposition process was the first problem to be approached. The investigation 
was carried out using the quasi-binary Fe-NiAI section of the ternary Fe-Ni-Al system, 
one advantage being that this system is well documented. 

The early stages of decomposition were successfully examined by means of a refined 
replicating technique based upon selective oxidation of the a and a' phases. The 
morphology thus revealed indicated the existence of two types of precipitation: spin
odal decomposition, and nucleation and growth. 

The origin of elongated particles along three < 100) directions in alloys having 
approximately equi-volume fractions of a and a' could then be understood in terms 
of anisotropy in the elastic constants of the cubic crystals. 

On this basis the experimental results concerned with the relationship between 
microstructure and magnetic properties of alni alloys could be adequately interpreted. 

Because it was found that during continuous cooling the ultimate morphology of the 
a+ a' structure comes into being in the uppermost part of the miscibility gap, the above 
mentioned equi-volume fraction is best obtained with alloys containing approximate-
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ly 50 at.% Fe, 25 at.% Ni and 25 at.% AI. However, because of the asymmetry of the 
miscibility gap, this condition is best fulfilled for quenched and tempered alloys when 
they have a composition approximating to 34 at.% Fe, 33 at.% Ni and 33 at.% Al. 

As a consequence of this, optimum coercivity is achieved by continuous cooling for 
alloys of the former type, whilst alloys of the latter type must be quenched and then 
tempered at about 700 °C. 

For alloys at the NiAl side of the miscibility gap, spinodal decomposition results in a 
cubic array of equiaxed Fe-rich a' particles, embedded in a NiAl-rich a matrix. Think
ing in terms of shape anisotropy it can be understood that such a structure gives rise 
to lower coercivity. 

For alloys at the Fe-rich side of the miscibility gap the NiAl-rich phase is arranged 
in this way, and the alloys have therefore the character of a ferromagnetic sponge. The 
coercivity was likewise found to be only moderate. 

Isothermal heat treatment of alni alloys immediately below the solubility curve 
followed by quenching, also results in less than optimum coercivity; experimental evi
dence was obtained that this must be attributed to an appreciable magnetization 
intensity of the a matrix at room temperature as a result of a high Fe content. The 
initially "saucer-like" shape of the a versus T curve, together with the reversible 
change of the He with temperature below about 400 °C, was considered to be con
nected with the inhomogeneity of the quenched a matrix. 

For alnico alloys having a high Co content, the mechanism by which elongated 
particles are aligned as a result of thermomagnetic treatment is a primary problem. 

As for alni alloys, the morphology of the a - a' structure in this group of alloys 
points to spinodal decomposition. From a theoretical approach to the possible influence 
of a magnetic field on spinodal decomposition, Cahn came to the conclusion that 
elongated particles with a preferred orientation are present from the initial stage of 
decomposition if certain conditions are fulfilled. With the aid of the improved replicat
ing technique it was however possible to indicate, for Alnico 8, that aligned elongated 
particles were not initially present, but develop in the ( 100) direction parallel to the 
field direction as a result of continual annealing. 

Such a process was both theoretically and experimentally investigated by Zijlstra, 
who assumed that only interfacial and magnetostatic free energy must be taken into 
account. There are indications however, that other energies, in particular elastic energy, 
play a role in particle orientation by thermomagnetic treatment. 

The final aspect treated in the thesis is the structural variation due to tempering. 
Investigation of many alloys in various conditions showed that the results of this treat
ment are not always identical. 

For continuously cooled alnico alloys, or alloys isothermally treated followed by 
moderate cooling, the previously held opinion of Koch, van der Steeg and de Vos, 
that tempering is a process of increasing composition modulation, without essentially 
changing the morphology of the structure, was strongly supported. 

Isothermal treatment in the region close to the solubility limit, followed by quench-
ing and tempering at 600-700 results in a secondary decomposition of the 
"Ni-Al" phase, leading to less than optimum coercivity. 
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For NiAl-rich alni alloys having a relatively long iron diffusion path, tempering 
favours an increasing coercivity, due to a coarsening of the Fe-rich particles. 

From examination of the text it will be obvious that not all subjects have been in
vestigated exhaustively. Moreover, the thesis has not dealt with all aspects of the 
"alnico problem", e.g. the influence of minor additions and the existence or otherwise 
of incoherent rotation. Nevertheless it is to be hoped that the investigation has 
thrown more light on the relationship between microstructure and magnetic proper
ties of alnico alloys, and can serve as a basis for further development. 
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I 

De conclusie van Paine en Luborsky dat het demagnetisatie-proces in Alnico 
5 DG verschilt van dat in Ticonal XX is aanvechtbaar. 

T. 0. Paine en F. E. Luborsky, J. Appl. Phys. 31, 78 S (1960). 

II 

Met behulp van Mossbauer metingen aan Ticonal G hebben Van Wieringen 
en Rensen aangetoond dat de hoeveelheid Fe-atomen, welke zich in ferro
magnetische en niet-ferromagnetische gebiedjes bevindt, afhankelijk is van de 
temperatuur. Hun verklaring dat de positie van de grenzen tussen deze gebiedjes 
verandert met de temperatuur is niet de enig mogelijke. 

J. S. van Wieringen en J. G. Rensen, First Eur. Conf. on Magn., 
Wenen, 1965. 

III 

De waarde van de magnetische anisotropie-constante K 1 van de geordende 
legering FePd, zoals vermeld door Kussmann en Mi.iller, dient wat de or
de van grootte betreft te worden betwijfeld. 

A. Kussman en K. Muller, Z. angew. Phys. 17, 509 (1964). 

IV 

De opvatting van Mirjasow en Parsanow dat de intermetallische verbinding 
MnB op grond van de grote waarden van haar verzadiging en anisotropie, 
zich goed zou lenen voor de vervaardiging van permanente magneten, is on
juist. 

N. Z. Mirjasow en A. P. Parsanow, Izvest. Akad. Nauk SSSR 
23, 285 (1959). 

v 

De onderstelling van Friess dat de verschillen in coercitiefkracht tussen barium
ferriet en strontiumferriet verklaard kunnen worden door aanzienlijke ver
schillen in hun anisotropie-constanten wordt niet gesteund door de waarne
mingen. 

K. Friess, First Eur. Conf. on Magn., Wenen, 1965. 

VI 

Ten onrechte wordt bij het fotograferen met verwisselbare optiek vaak zonder 
meer aangenomen dat het gebruik van een objectief met korte brandpunts
afstand tot de grootste dieptescherpte leidt. Dit geldt wei indien de voor
werpsafstand constant is, doch niet in het geval van een constante beeldgrootte. 



VII 

De uitspraak van Verbraak dat Nederland een kans gemist heeft bij de ontwik
keling van het ,ausforming" proces is aanvechtbaar. 

C. A. Verbraak, lnaugurele rede, Technische Hogeschool Twente, 
1965. 

VIII 

Indien een staat, die lid is van de Raad van Europa, gebruik zou maken van 
de mogelijkheid, geboden in Art. 4, sub. 3 van het Verdrag van Straatsburg, 
dan zou hij daardoor het recht van een onderzoeker op een behoorlijke be
scherming van zijn uitvindingswerk aantasten. 

Documentatie: Octrooiwet, Editie Schuurman en Jordens No. 73, 
tiende druk, pag. 473. Uitg. Tjeenk Willink, Zwolle 1965. 

IX 

Het is in hoge mate onwaarschijnlijk dat de door Cadeville en Meyer gemeten 
waarde van de verzadigingsmagnetisatie van de fase ,Fe2P" juist is. 

M. C. Cadeville en A. J.P. Meyer, Compt. rend. 252, 1124 (1961). 

X 

Ter versterking van een solenoide voor de productie van sterke magneetvelden 
wordt vaak een wapening in of om de spoel aangebracht. Het is belangrijk 
bij de keuze van het materiaal voor deze wapening niet aileen rekening te hou
den met de treksterkte maar ook met de elastische eigenschappen. 

XI 

Toenemende medezeggenschap van de werknemers in de interne organisatie 
en het personeelbeleid van een onderneming kan door de vakbonden wei 
worden gestimuleerd, doch niet georganiseerd. Deze organisatie dient men 
zowel om bedrijfstechnische als om democratische redenen, over te Iaten aan 
de Ondernemingsraad, die aile werknemers van de onderneming vertegen
woordigt en niet alleen hen die lid zijn van een vakvereniging. 

Documentatie: I.P. van Leerdam et al., Vakbeweging in Beweging, 
Uitg. Boom, Meppel 1964. 

XII 

Het verdient aanbeveling om van hen die, op grond van een proefschrift met 
st2llingen, de graad van doctor in de technische wetenschappen wensen te 
verwerven, te eisen dat tenminste zes stellingen geen betrekking hebben op de 
beta wetenschappen. 

K. J. de Vos Eind:1oven, 27 september 1966 




