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MAGNETIC AND STRUCTURAL CHARACTERIZATION OF ND-FE-8 
SINTERED PERMANENT MAGNETS 

ABSTRACT 

Magnetic, structural, and chemical characterization using a 

hysterisigraph, transmission electron micrscope, scanning electron 

microscope, and x-ray diffractometer were carried out on sintered 

Nd-Fe-8 permanent magnets of nominal composition Nd14Fe7888. 

Applying a maximum field of 23 kOe, the following magnetic 

p~operties were measured: Br = 11.37 kG, He = 9.62 kOe, 

iHc = 12.19 kOe, and (BH)max = 28.83 MGOe. BH loop studies 

suggested that these magnets were "nucleation-controlled" 

magnets, which reversed their magnetization by the nucleation and 

growth of reverse magnetic domains. This conclusion was 

supported by microstructural studies, which revealed the presence 

of domain walls within the grains. The general microstructure was 

found to consist of defect free grains about 5 J.Lm in diameter of the 

hard magnetic matrix phase Nd2Fe14B, surrounded by a highly 

defective Nd-rich fcc grain boundary phase with lattice parameter 

=5.6 A. This grain boundary phase also contained significant 

amounts of oxygen, some dissolved iron, and no boron. Small 

amounts of a third highly defective boride phase with lattice 

parameters a=7.6 A and ~e=30.5 A was also observed. A fourth 

phase, a bee surface phase with lattice parameter a=2.9 A was 

1 



determined to be an artifact of ion milling. The compatibility of 

this microstructure with a nucleation-controlled magnet is 

discussed, along with some processing suggestions for improving 

the magnetic properties through microstructural design. 
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I. INTRODUCTION 

Permanent magnets represent the oldest "electronic" material 

ever utilized by man. They function by storing magnetic energy in 

the form of magnetic fields. These fields can interact with an 

external environment without actually doing any work on this 

environment, invoking the notion of a perpetual storage cell that 

never needs .refueling. Furthermore, permanent magnets are the 

most efficient method of generating intense magnetic fields over 

short distances. Consider for example a modern permanent magnet 

1 em long emanating a field of 1 Tesla. To generate this same field, 

a 1 em solenoid with wires 1 J.Lm in diameter would have to carry a 

current of 1 Ampere! 

Clearly then, the applications for permanent magnets are 

numerous, and they are in fact used extensively throughout industry 

as shown in Table 1.1 The most important magnetic properties for 

general permanent magnet applications are the remanent induction 

Br, coercivity He, energy product (BH)max. and the Curie 

temperature T c· Typical values of these properties for various 

common permanent magnet materials are shown in Table 2.1 Br, He. 

and (BH)max can be defined graphically in terms of a hysteresis 

plot, commonly referred to as a BH loop as shown in Fig. 1. In this 

figure, Br represents the residual magnetic induction in the 

material after the applied field has been removed, He represents the 

necessary field applied in the reverse direction to reduce the 

induction to zero, and (BH)max represents the maximum BH-product 
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contained in the second quadrant demagnetization curve of the 

hysteresis loop. Physically, (BH)max defines the energy storing 

capacity of a permanent magnet. 3 Consequently, it is the most 

general and most common index of material quality used in the 

permanent magnet industry. To convert MGOe used in Table 2 to 

more common energy density units, realize that 47t[erg/cm3] = 1 

[MGOe]. As shown in Fig. 2,2 there have been major improvements in 

magnetic properties of permanent magnets within the last twenty 

years, primarily due to the development of rare-earth permanent 

magnets. Recently, (BH)max in excess of 50 MGOe have been 

reported for the Nd-Fe-8 system.4 

The coercivity and the energy-product both reflect the 

magnetization reversal process of the magnet. The harder it is to 

reverse magnetization in the magnet, the larger will be its He and 

(BH)max· Magnetization reversal can occur by two processes: 

i) Rotation of spins as shown in Fig. 3(a), 

ii) Nucleation and growth of reverse magnetic domains 

as shown in Fig. 3(b). 

In single domain particles, magnetization reversal occurs 

predominantly by the rotation of spins under large demagnetizing 

fields, fields on the order of the magnet's anisotropy field Hk3. Hk 

represents the fact that a material's magnetization tends to lie 

along particular crystallographic directions, termed the "easy 

directions of magnetization." The magnitude of this tendency can be 

. parameterized by a fictitious field, Hk applied along these easy 

directions. Thus, to force magnetization away from this easy 

direction as in the case of uniform magnetization, it is necessary to 
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apply a real field larger than Hk. Magnetization reversal occuring by 

uniform rotation of the spins sets the maximum theoretical value of 

the energy product for any permanent magnet.3 In multi-domain 

particles, magnetization reversal typically occurs by the nucleation 

and growth of reverse domains, usually under demagnetizing fields 

much less than the anisotropy field. In this process, either the 

nucleation of reverse domains or the growth of these domains 

through domain wall motion can hinder magnetization reversal. 

Whichever event is more difficult for a particular magnet will 

control that magnet's reversal process, and characterize that 

magnet as a "nucleation-controlled" or "pinning-controlled" magnet. 

He and (8H)max like most material properties are structure 

dependent. This dependency arises from the influence of 

microstructure on the magnetization reversal process. One example 

of this influence was alluded to in the above paragraph. If the grain 

size of the magnet is smaller than the single domain size, then 

magnetization reversal will most likely occur by some spin rotation 

process. Alternatively, if the grain size is much larger than the 

single domain size, then magnetization reversal will occur by 

nucleation and growth of reverse domains. Consequently, a critical 

step in improving a magnet's (8H)max is to correlate the operating 

magnetization reversal process with the observed microstructure. 

Determining this structure-property relation for sintered Nd-Fe-8 

magnets is precisely the objective of this study. 

The Nd-Fe-8 system is a novel permanent magnet system that 

was recently discovered by Sagawa et. al. to possess outstanding 

magnetic properties, as shown in Table 2 and Fig. 2.5 The potential 
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impact of this system's unparallel magnetic properties and lighter 

weight on the permanent magnet industry can be appreciated by 

studying Table 39 and Table 4. For an equivalent electrical motor 

as shown in Table 3, the Nd-Fe-B motor has the lightest weight, the 

smallest volume, and a cost comparable to a ferrite motor at twice 

the volume and 50°/o more weight! 

Furthermore, all three elements of this system are in great 

abundance worldwide. Even Nd, the least abundant of the three has 

large natural deposits of its ore minerals bastnasite, monazite, and 

xenotime. These deposits are much greater than the current 

demand, and are sufficient to satisfy the projected demand well 

into the year 2,000.10 The abundance of these ores is especially 

meaningful in the United States, which contains the world's second 

largest natural reserve behind China, with most of its reserves 

concentrated in California. The prevalence of indigenous natural 

ores for the Nd-Fe-B system makes it a more attractive rare-earth 

permanent magnet system than the Sm-Co system, which must rely 

on imported cobalt. This dependency is even more precarious when 

one considers that the world's leading producers of cobalt are Zaire 

and the U.S.S.R. respectively, countries which have sensitive 

relations with the United States. Unfortunately, the low Tc of the 

Nd-Fe-B system restricts its use to low temperature applications. 

However, its better magnetic properties, lighter weight, and larger 

supply of natural ores makes it a very important and promising 

system for the permanent magnet industry. 

The hard magnetic phase of this system was determined by 

neutron scattering to be the ternary boride phase Nd2Fe14B. This 
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phase has a tetragonal crystal structure with lattice parameters 

a = 8.80 A and c = 12.19 A. It has an easy direction of 

magnetization along the c-axis, and an anisotropy field of about 

70 kOe.7 Its unit cell is quite complex with 68 atoms per unit cell, 

and a P42/mnm space group as shown in Fig. 4.6 Nd-Fe-8 

permanent magnets are processed by two distinct routes: i) rapid 

solidification, usually melt spinning followed by hot pressing, and 

ii) conventional powder processing. This paper will deal 

exclusively with the powder processed magnets, but for those 

interested in melt spun magnets, Herbst has written a good review 

paper.8 A typical flow chart for powder processing of these 

magnets is shown in Fig. 5. 

To fulfill the objective stated earlier requires three steps. 

First, the operating magnetization reversal mechanism for sintered 

Nd-Fe-8 permanent magnets must be determined. Next, its general 

microstructure must be established. Finally, this microstructure 

must be correlated with the reversal process, and some processing 

methods suggested to improve the magnetic properties through 

microstructural design. To carry out this objective, an optimally 

processed Nd-Fe-8 sintered magnet generously provided by 

Vacuumschmelze of Germany was magnetically and structurally 

characterized. The processing details for this magnet are as 

follows: 

Composition: 

Sintering: 

Heat Treatment: 

Nd14Fe7888 

1070° C for 1 hr. 

950° C for 1 hr, slow cool to 630° C, 

630° C for 1 hr, then quench. 
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Magnetic characterization included measuring the magnetic 

properties Br. He. and (BH)max. as well as determining the 

magnetization reversal mechanism. Structural characterization 

included x-ray diffraction (XRD), scanning electron microscopy 

(SEM), and transmission electron microscopy (TEM). Structural data 

were then correlated with the magnetization reversal process, and 

some processing suggestions made for inhibiting the reversal 

process through microstructural design. 
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II. EXPERIMENTAL PROCEDURE 

A. Magnetic Characterization 

Magnetic measurements were carried out on a LDJ 5500H 

Hysterisigraphwith the experimental setup shown in Fig. 6. The 

Fe-Co pole pieces were tapered from 7 inches in diameter down to 

5 inches, and could apply a maximum driving field of =23 kOe at a 

pole gap of 0.6 em. Samples were cylindrically shaped with 

r=0.3 em and h=0.6 em, and the aligned c-axis was along the 

cylinder axis. Samples were thermally demagnetized at 300° C 

before each measurement, and all measurements were taken at room 

temperature. Because the sample is in direct contact with the pole 

piece, these measurements can be considered closed circuit 

measurements to a first approximation, and sample demagnetizing 

fields can be ignored. Airflux compensation was achieved by 

calibrating the airflux and sense coils before each measurement. 

Br. He. and (BH)max were measured at the maximum driving field of 

=23 kOe. The magnetization reversal mechanism was determined 

by measuring the initial magnetization curve, and MH loops at 

successively larger applied fields. 

B. Structural and Compositional Characterization 

X-ray diffraction was carried out on a Siemens 

Diffractometer with Cu Ka radiation. Cylindrical samples similar 

to the ones used above were mechanically polished with sub-micron 
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diamond paste on the cylinder face, perpendicular to the aligned 

c-axis. 

Scanning electron microscopy was carried out on a JEOL 

JSM-35CF SEM equipped with an energy dispersive x-ray 

spectroscopy (EDS) system. Samples were prepared by slicing thin· 

disks approximately 0.2 nim thick from the cylindrical samples, 

fracturing them in air, and mounting them onto the specimen stage 

with carbon paint. For comparison, the mechanically polished 

specimens used for x-ray diffraction were also studied. 

Transmission electron microscopy was carried out on a 

Philips 301 and Philips 400 TEM. The Philips 400 was also equipped 

with an EDS system. Thin disks sliced from the cylindrical samples 

were mechanically polished down to 1 00 J.Lm with 600 grit emery 

paper. These disks were· then sliced into 2 mm squares and dimpled 

with sub-micron diamond paste to about 40 J.Lm. Some of these 

dimpled squares were then mounted onto copper grids with silver 

paint and argon ion-milled at liquid nitrogen temperatures to 

electron transparency. The other squares were electropolished to 

electron transparency in a 20:1 ethanol to perchloric acid solution 

at 30 V, 2 J,.LA, and 215° K. 
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Ill. EXPERIMENTAL RESULTS 

A. Magnetizatic Characterization 

A BH and MH loop driven at 23 kOe are shown in Fig. 7 and 8 

respectively. As shown in Fig. 7, Hc=9.62 kOe, Br=11.37 kG, and 

(BH)max=28.83 MGOe. 80 and H0 are the values of Band H on the 

loop at (BH)max· As shown in Fig. 8, iHc=12.19 kOe, and since 

B=H+41tM, Br = 47tMr as shown. All measured values have an 

accuracy of 0.5°/o. It is clear that iHc << Hk, suggesting that 

nucleation and growth of reverse domains is probably the 

magnetization reversal mechanism. The reduction in magnetization 

at applied fields greater than 15 kOe as shown in Fig. 8 is caused by 

localized saturation of the pole pieces, and is therefore not a true 

representation of the loop at these fields. 

An initial magnetization curve driven at 23 kOe is shown in 

Fig. 9. It is clear that the initial susceptibility x: = 47tM/H = 7.3 is 

very high, and the material magnetizes readily at low applied fields. 

A series of MH loops at successively higher applied fields was also 

measured as shown in Fig. 10. 

B. Structural and Compositional Characterization 

The x-ray diffractogram is shown in Fig. 11. The dominant 

peaks can be clearly associated with the aligned Nd2Fe14B phase, 

and indexed as shown. Using Bradley and Jay's 11 extrapolation 

method against cos2a results in a=9.03 A, and C=12.19 A, values 

very close to Herbsfs values obtained from neutron scattering.6 
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Scanning electron microscopy of the fracture surface 

indicated that the fracture mode was predominantly brittle 

intergranular, as shown in Fig. 12(a). However, selected grains and 

regions between the grains revealed considerable deformation, as 

shown in Fig. 12(b), and Fig. 13(a). The corresponding backscattered 

image (BSE) shown in Fig. 13(b) suggests that the deformed regions 

have a higher average atomic number than the faceted regions. To 

check the chemical composition of these regions, EDS point analysis 

was done using a beryllium window detector. Spectra of the sharply 

faceted grain and adjacent deformed intergranular region of 

Fig. 12(b) are shown in Fig. 14. Similarly, spectra of the deformed 

grain and faceted grain of Fig. 13(a) are shown in Fig. 15. As 

expected, the predominant faceted grains are grains of the 

Nd2Fe14B hard magnetic phase, with an average grain size of 5 J..Lm. 

In contrast, the deformed regions were Nd-rich, explaining their 

lighter contrast in the backscattered image of Fig. 13(b). 

SEM micrographs of the polished surface are shown in Fig. 16. 

Three distinct structures are visible in Fig. 16(a): i) a grayish 

background bulk structure, ii) isolated charging regions, and iii) 

blackish specks distributed uniformly over the surface. The 

corresponding BSE image shown in Fig. 16(b) indicates that the 

charging regions have a higher average atomic number, suggesting 

some sort of insulating neodymium oxide. Some of the blackish 

specks have disappeared in the BSE image, while others are still 

present. To check for oxygen especially in the charging regions, EDS 

point analysis was done using an ultra-thin window detector. 

Spectra of the bulk background and blackish specks are shown in 

10 
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Fig. 17. As expected, the grayish background phase corresponds to 

the dominant Nd2Fe14B phase. Surprisingly, the blackish specks 

have an almost identical spectrum to the Nd2Fe14B phase. It is 

possible that these blackish specks may be some sort of thin 

surface phase induced by the polishing process that is too thin to be 

detected over the Nd2Fe14B bulk phase by EDS. An EDS point 

analysis spectra of the charging region is shown in Fig. 18. This 

spectrum suggests that the charging region is indeed some sort of 

neodymium oxide. The C, F, and AI peaks in all these spectra arise 

from the polishing paste used to polish these specimens. 

Transmission electron microscopy of the ion-milled Nd-Fe-8 

thin foil revealed the following general microstructure as shown in 

Fig. 19, namely large defect-free Nd2Fe14B grains which were often 

separated by a grain-boundary phase that extended into triple grain 

junctions. This highly defective grain boundary phase had an fcc 

structure with a lattice parameter =5.6 A as shown in the 

diffraction pattern inset of Fig. 20. This phase was also found as a 

single crystal as shown in Fig. 21. EDS point analysis of the 

Nd2Fe14B matrix phase and the grain boundary phase is shown in 

Fig. 22. It is clear that the grain boundary phase is Nd-rich, 

consistent with the SEM's EDS analysis. The Cu peak in these 

spectra originate from the Cu grids used to mount the specimens. 

EDS point analysis of the three grain junction and adjacent two 

grain boundary phase were identical, as shown in Fig. 23. 

SEM EDS with an ultra-thin window revealed the presence of 

oxygen in these magnets, especially at Nd-rich regions. To check 

for the presence of oxygen in the grain-boundary phase, TEM EDS 
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with an ultra-thin window detector was done on the 200 CX at the 

National Center for Electron Microscopy. As Fig. 24 clearly shows, 

oxygen is present in this phase. A line scan across the grain 

junction as schematically illustrated in Fig. 25 revealed that 

oxygen and Nd both segregate to the center of this phase, as shown 

in Fig. 26. To remove the possibility that oxygen may have been 

acquired during the specimen preparation process, auger microprobe 

analysis was done on an in-situ fractured surface. As clearly 

shown by the point analysis spectrum of the grain boundary phase in 

Fig. 27, oxygen is intrinsic to this phase. The presence of oxygen is 

probably due to surface oxidation of the fine powders during ball 

milling. Also, note the absence of boron in this phase. 

Two other phases were observed by TEM of the ion-milled foil. 

The first is a highly faulted tetragonal phase believed to be 

Nd1+eFe4B4 with I+ E = 1.4, and lattice parameters a=7.6 A and 

~e=30.5 A, as shown in Fig. 28. This phase is highly defective 

because of faulting in the (001) stacking sequence, and is 

paramagnetic at room temperature.12, 13 This phase was seldom 

observed, but it was always found as an isolated grain about 1 

micrometer in diameter. The second phase observed was a finely 

grained bee phase with a lattice parameter of 2.9 A, as shown in 

Fig. 29. 

This bee phase was often observed at the foil edges, though 

not consistently. The dispersed, inhomogeneous nature of this 

phase, and the fact that it was uniformly distributed over a range of 

foil thicknesses as shown in Fig. 29 implied that it was a surface 

phase, and not internal to the sample. To check whether this 

12 
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surface phase was inherent to the sample or simply an artifact of 

TEM specimen preparation, electropolished foils were examined. 

The same general microstructure as the ion-milled sample was 

observed as shown in Fig. 30, along with minute amounts of the 

Ndl+eFe484 phase. However, no bee surface phase was observed. 

This result suggests that the bee phase is probably an artifact of 

ion-milling, possibly redeposition of the milled debris onto the foil 

surface. This explanation is supported by the fact that at 

temperatures below 700°C the equilibrium phase of the majority 

element Fe, is bee with a lattice parameter of 2.9 A. 

Lorentz imaging revealed that the Nd2Fe14B grains were 

multi-domained, as shown in Fig. 31. This observation is consistent 

with the calculated single domain particle diameter of 0.3 Jlm.7 

The presence of domain walls within the Nd2Fe14B grains is stong 

evidence that nucleation and growth of reverse domains is the 

operating reversal mechanism in these magnets. 

13 



IV. DISCUSSION 

The measured MH loop of Fig. 8 showing iHc << Hk and the 

Lorentz image of Fig. 34 both strongly suggest that sintered 

Nd-Fe-8 permanent magnets reverse magnetization by nucleation 

and growth of reverse domains. Furthermore, the high initial 

susceptibility of the magnetization curve in Fig. 9 suggests that 

·nucleation of the reverse domains is the primary obstacle to this 

reversal process. Since magnetization occurs by domain wall 

motion, high initial susceptibility implies that the domain walls 

can move freely through the bulk interior of the Nd2Fe14B grains, 

excluding the idea of domain wall pinning as the source of the 

magnetic hardness. Therefore Fig. 9 suggests that the sintered 

Nd-Fe-8 permanent magnet is a "nucleation" rather then a "pinning" 

type magnet. 

Further evidence for this conclusion is provided by the MH loop 

series. Fig. 32 shows the expected series of an idealized nucleation 

and pinning type magnet, as proposed by Becker.14 These curves can 

be rationalized by considering the details of the magnetization and 

reversal process for a nucleation and pinning type magnet.15 

Consider a single particle magnet. A nucleation type magnet has no 

domain wall pinning sites in the bulk grain of the material, only at 

surface defects. These defects may be surface oxides, or even a 

surface kink with a large demagnetizing field that prevents the 

domain wall from being driven out of the grain by the applied field. 

Each magnetic nucleus of reverse domain will become unpinned at a 
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particular value of the reverse applied field, called the nucleation 

field Hn = Happlied + NdM. When the field is applied in the reverse 

direction, the nucleus with the smallest Hn will be the first domain 

wall to break free and sweep through the grain, reversing the 

magnetization of the grain. The coercivity He = Happ = Hn - NdM is 

then functionally dependent on the magnetic nucleus which caused 

the magnetization reversal. At larger applied fields, the more 

weakly pinned domain walls at the surface will be driven out of the 

grain, and these magnetic nuclei no longer exist. The remaining 

nuclei which are more securely pinned have a higher Hn. Therefore, 

a higher reverse applied field will be necessary to activate these 

magnetic nuclei and reverse the magnetization, leading to the 

expected curves of Fig. 32(a). 

A pinning type magnet on the other hand has a uniformly 

dense distribution of pinning sites throughout the grain which 

provides an average resistance to domain wall motion, much like 

friction. At higher applied fields the domain wall will move further 

under the driving field, resulting in higher remanent 

magnetizations. This process leads to the expected curves of 

Fig. 32(b). The coercivity is constant for these materials because it 

represents the field necessary to move the domain walls against 

the average frictional force of the pinning sites. The particle 

aggregate curves of Fig. 32 are simply a superposition of the single 

particle curves over a range of coercivities. It assumes that each 

grain is magnetically isolated and will reverse magnetization at its 

own particular value of the coercivity, decreasing the overall 

magnetization by a small incremental amount. The summation of 
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these events over a range of fields leads to smooth MH curves for 

the aggregate magnet as shown in Fig. 32. It should be mentioned in 

passing that these curves are for idealized nucleation and pinning 

type magnets. In practice both mechanisms often occur together, 

leading to some combination of the idealized curves. Comparision 

of the experimentally measured MH curves of Fig. 1 0 with the 

idealized curves of Fig. 32 clearly support the idea that Nd-Fe-B 

sintered magnets are nucleation-type. 

Microstructural studies also support this idea. TEM studies 

found no domain wall pinning defects throughout the bulk interior of 

the Nd2Fe14B grains. These grains are often surrounded by a 

Nd-rich grain boundary phase which probably serves to magnetically 

isolate the grains. This isolation is quite essential for good 

magnetic properties, since it prevents a single nucleation event at a 

defective grain from reversing the magnetization of the whole 

aggregate magnet. This Nd-rich phase is probably NdO, a 

paramagnetic oxide that has a NaCI structure with lattice 

parameter 5.09 A.16 

This observed microstructure probably results from liquid 

phase sintering of the Nd-rich phase, which melts at around 

600° C. 5,17 Liquid phase sintering besides enhancing the 

densification process, encapsulates each grain with a thin layer of 

Nd-rich phase as observed. Besides magnetically isolating the 

grains, this liquid phase may also serve to reduce surface defects 

caused by ball milling, thus reducing potential magnetic nucleation 

sites at the grain surface. Micro-hardness tests of this phase 

indicate that it is much softer than the matrix Nd2Fe14B phase.18 
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This explains the intergranular fracture mode of these magnets, as 

well as the ductile fracture of the Nd-rich regions. The importance 

of this Nd-rich phase in achieving high magnetic properties is 

demonstrated by the fact that optimum magnetic properties are 

obtained only when the starting composition is Nd-rich relative to 

the stochiometry of the Nd2Fe14B hard magnetic phase.S 

Thus, the microstructure of the Nd-Fe-8 sintered magnets are 

well suited for a nucleation type magnet, and the process flo·w 

chart in Fig. 5 achieves this microstructure quite readily. This 

microstructure which is schematically illustrated in Fig. 33 

consists of defect free multi-domain grains of the Nd2Fe14B phase, 

surrounded by a nonmagnetic Nd-rich free phase which magnetically 

isolates each grain. Reverse magnetic domains probably nucleate at 

surface defects such as the Nd-rich, Nd2Fe14B interface, as 

schematically illustrated in Fig. 34. It is this favorable 

microstructure which is responsible in part for the outstanding 

magnetic properties of this magnet. 

With the basic magnetic behavior and structural correlation 

elucidated, some processing changes for improving the magnetic 

properties are suggested. First, minute amounts of an alloy 

addition to increase the wettability of the Nd-rich phase will be 

helpful. The increased wettability will better encapsulate the 

Nd2Fe14B grains, as well as repair surface damage caused by ball 

milling. Second, adding substitutional elements that will either 

increase Hk or decrease Ms of the Nd2Fe14B phase at the surface 

will be helpful. This surface layer_ will then be more resistant to 

domain nucleation because of the larger Hn required. One way of 
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forming this surface layer would be to add the substitutional 

elements during the sintering stage, so that diffusion lengths would 

restrict substitution to only a surface layer. Aluminum 

substitutions of this type have been found to be helpful.19,20 

In closing, it should be pointed out that much work remains to 

be done on these magnets. First of all, the surface defects giving 

rise to magnetic nuclei need to be identified, and subsequently 

removed by appropriate processing steps. Second, the low T c of 

these magnets needs to be improved. This low T c is the single most 

important factor limiting widespread use of these magnets. 

Progress in this area can only be achieved by alloy design, since T c 

is independent of structure. There is little doubt that this problem 

can and will be overcomed in the near future, and that Nd-Fe-8 

magnets will become the dominant permanent magnet of the next 

generation. It is hoped that this study has contributed to that 

cause. 

18 
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V. CONCLUSIONS 

Magnetization reversal of sintered Nd-F-8 permanent magnets 

occurs by nucleation and growth of reverse domains, with the 

nucleation of these domains being the limiting event. The 

microstructure of these magnets consist of large defect free 

Nd2Fe148 grains about 5 J.Lm in diameter surrounded by a 

non-magnetic fcc Nd-rich phase with a lattice parameter of = 5.6 A. 

This phase contains significant amounts of oxygen, and no boron. 

Small amounts of a third highly defective tetragonal boride phase 

with lattice parameters a=7.6 A and ~e=30.5 A was also observed. 

The observed bee phase with lattice parameter =2.9 A is believed to 

be an artifact of ion milling. The microstructure of this Nd-Fe-8 

magnet is well suited for a nucleation type magnet, and is one very 

important reason why this magnet has such outstanding magnetic 

properties. 

19 
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Table 1 : Permanent Magnet Applications.1 
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Materials.1 
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RGURE CAPTIONS 

1) Schematic 8H loop of a permanent magnet. 

2) Improvements in permanent properties during the last 80 years.2 

3) Schematic illustration of magnetization reversal by (a) uniform 

rotation and (b) domain wall nucleation and growth. 

4) Unit cell of the hard magnetic phase Nd2Fe148.6 

5) Typical processing flow chart for sintered Nd-Fe-_8 permanent 

magnets. 

6) Experimental setup for magnetic measurements. 

7) Measured 8H loop for the Nd-Fe-8 magnet sample. 

8) Measured MH loop for the Nd-Fe-8 magnet sample. 

9) Measured magnetization curve for the Nd-Fe-8 magnet sample. 

1 0) Series of MH loops measured at successively higher applied 

fields. 

11) X-ray diffractogram of the Nd-Fe-8 magnet sample. 

12) (a) SEM secondary electron image of a fracture surface. (b) The 

same image, but focussed on an intergranular region at higher 

magnification. 

13) (a) SEM secondary electron image of a fracture surface. (b) SEM 

backscattered image of the same area. 

14) EDS point analysis spectra of (a) the matrix grain and (b) the 

adjacent intergranular region of Fig. 12(b). 
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15) EDS point analysis spectra of (a) the matrix grain and (b) the 

adjacent deformed grain of Fig. 13(a). 

16) (a) SEM secondary electron image of a polished surface. (b) 

SEM backscattered image of the same area. 

17) EDS point analysis spectra of (a) the grayish bulk background 

and (b) the adjacent blackish speck of Fig. 15(a). 

18) EDS point analysis spectrum of a charging region of Fig. 15(a). 

19) General bright-field microstructure of the magnet depicting 

the grain boundary phase at the (a) three grain junction and (b) 

two grain boundaries. (c) and (d), respectively, depict (a) and 

(b), schematically. 

20) Dark-field image formed by using part of the semiring 

diffraction pattern from the intergranular phase. 

21) Bright-field image of the two-grain-boundary region along 

with its microdiffraction pattern showing the [11 0] fcc 

structure. 

22) EDS spectra from the Nd2Fe14B grain and the intergranular 

phase showing Nd enrichment at the boundary region. 

23) EDS spectra from the three grain junction and adjacent two 

grain boundary showing the identical composition of these two 

regions. 

24) Low-energy end of the EDS spectrum from the three grain 

junction indicating the presence of oxygen. 

25) Schematic illustration of successive EDS point analyses across 

a three grain junction region. The diameter of the spots 

indicate the approximate probe size. 

26) Composition profile across the three grain junction. 
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27) Auger point analysis from a Nd-rich region depicting 

significant oxygen and neodymium concentrations, along with 

smaller iron concentrations. Note the absence of boron. 

~ 
28) Bright-field micrograph and corresponding selected area 

diffraction patterns from Nd2Fe14B and Nd1 +eFe4B4 grains. 

29) (a) Bright-field image and the corresponding SAD pattern of 

the matrix region showing the presence of a bee phase. (b) 

Dark-field image using the 110 bee ring showing the 

inhomogeneous bee surface phase. 

30) Dark-field image of the grain boundary region from a jet 

electropolished sample using the 111 and 200 fcc rings. 

31) (a) Bright field image and (b) corresponding Lorentz image 

sho~ing the multi-domain nature of the Nd2Fe14B grains. 

32) Expected MH curves from an idealized (a) nucleation and (b) 

pinning type magnet.14 

33) Schematic of the general microstructure of sintered Nd-Fe-B 

magnets. 

34) Schematic of reverse domain nucleation at the surface of the 

Nd2Fe14B grains. 



APPLICATIONS OF PERMANENT MAGNETS 

Ge11ef'IZI property 
of m~~grrets used 

Mechanical forces exerted 
by or on magnets 

Electromagnetic forces 

Electromagnetic induction 

Forces on mOving electrons 
and ions 

Magneto-optical effects 

Magnetic: resonance 

Action of magnetic fields on 
solid and liquid media 

Biologic::al and chemic::al effects 

More rpeciflc method 
of applicatio11 

Torque on magnet in magnetic field 

Attraction between magnet and iron 
or other magnets 

Attraction induced between other 
iron pasts 

Repulsion: magnet and magnet 

Electromagnet and magnet 

Induced repulsion 

Moving coil devices 

Moving magnet devices 

Moving iron devices 

Relative motion coil and magnet 

Eddy cusrenu 

Focusing 

Crossed field action 

Kerr and Faraday effects 

NMR 

Magnets in magnetic circuits 

Electronic and semk:onduc:tor 

Table 

Particular devices 

Compass. magnetometer 

Holding devices, notice boards, games, door catches. Magnetic: 
filtration, retrieval devices, drives and couplillgs. window 
cleaning. switches, thermostats, thic:lcness gauces, magnetic 
tools 

Reed switches, railway warning systems, magnetic: clutches 

Bearings (some bearings now use attraction) levitated !rant
port, toys 

Brak= for coil winder etc:. 

Sheet floater 

Loudspeakers and telephone receivers. Instruments. DC 
motors 

Synchronous and btushless motors, clocks, hysteresis motors 

Some telephone receivers, polarized relays 

Flux measurernenL Generators, sensing devices. Micro
phones, pick·ups 

Damping devices, brakes. speedometers 

TV (now little used) elec:tson microscope, klystron, travellin~ 
wave tube 

Blow-out on switches, magneto-hydrodynamics generator 
(see generators). Magnetron, mass spectrometer, ion pump, 
omegatron, TV picture shift 

Domain studies, Memory stores, Other possible devices 

Chernic::al analysis. Accurate field measurements. Magneto· 
crystalline anisotropy 

Saturistors. Magnetizers and magnetic: heat treatment 

Wave guides, circulators. Hall and magnetoresistanc:e devices 

Research on influence of magnetic: fields on life processes. 
Water conditioners 

2e 

... 



Material 

Magnet Steels 

35 Co steel 

Alnico 

Alnico 1 
Alnico 2 
Alnico 5 

Ferrite 

Ceramic 1 
Ceramic 6 

Rare Earth Magnets 

Sm-Co 
Nd-Fe-8 

Composition 
(weight percent) 

35 Co, 4.0 W, 0.85 C 

AI Ni Co Cu Fe 

12 23 5 - 60 
10 17 13 6 54 

8 14 24 3 50 

BaO·Fe2o 3 

38 Sm 
32 Nd 67 Fe 

Remanence 
Br 

(Gauss) 

9,000 

6,600 
7,200 

12,000 

2,250 
3,950 

9,000 
12,000 

Coercivity 
He 

(Oersted) 

250 

540 
650 
720 

1,850 
2,400 

8,500 
12,000 : 

Table 2 

Maximum energy 
product (BH) max 

(MGOe) 

0.95 

1.4 
1.7 
5.0 

1.2 
3.5 

20 
30 

,. 

Curie 
Temperature 

(oK) 

1060 

973 
1020 
1020 

720 
720 

1100 
600 

N 
IJ) 



PERMANENT MAGNET COMPARISONS FOR A 
ELECTRICAL MOTOR 

WITH THE SAME OUTPUT TORQUE 

unit or volume: 10-6mJ; weight: kg; ~o~t: yu~n 

Nd-Fe-8 

rare 

earth-cobalt 

alnico 

ferrite 

volume 

veight 

COAt 

volu11e 

weight 

cost 

volu11e 

veieht 

cost 

tolume 
/ 

weight 

cost 

copper iron core magnet other t.he total 

27.18 

0.::!20 

6/,.04 

27.61, 

0.2/4 

/,7.21 

26.80 

0.::!17 

65.12 

42,72 

0.346 

10).R1 

100.22 

0.782 

31.27 

106.47 

o.~3o 

)).22 

97.20 

0.758 

30.)3 
144.80 

1.130 

45.1A 

'I.::o.ble 3 

16.11 

0.1)2 

85~87 

19.57 

0.160 

224.68 

121.76 

0.950 

18.99 
122.8 

0.958 

19.16 

81.2~ 179.9'-

0.f-66 1.4000 

166. 58 28.07 

10 4. 6 2 196. 30 

0.858 1. 530 

10.29 JO.h3 

265.27 

2.084 

202. 17 

271-..5 

2.188 

3/~4. 27 

385.18 

).035 

290. 10 

488.44 
J.g64 

189.91 
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WEIGHT SAVINGS 

ND-FE-B smco5 Alnico Ferrite 

( BH) [MGOe] 
max 40 20 9 3.8 

[kJ/m 3 ] 320 160 72 30.4 

Density [kg/m
3

] 7430 8200 7350 5000 

II 
(For 320 kJ :: of energy) 

II 
v 

Wt. Required [kg] 7430 16,400 32,670 52,630 

Normalized Wt. I 1 2 4.4o 7.o8 I 
Table 4 
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TYPICAL 

ALLOY PREPARATION 
induction melting 

GRINDING 
crushing 

ball-milling 

MAGNETIC ALIGNMENT 
DIE OR ISOPRESSING 
at room temperature 

SINTERING 
1 iqu id phase format ion 

densification 

HEAT TREATMENT 
magnetic hardening 

PROCESSING 

(1) TYPICAL COMPOSITION: 

Nd15Fe77B8 

( 1) AVERAGE PARTICLE SIZE: 
3-4 IJ.m 

( 1) ALIGNING FIELD: 1 kG 
(2) PRESSURE: 200 MPa 

( 1) 
( 2) 
( 3) 
( 4) 

TEMPERATURE:1020-1120°C. 
VACUUM OR ARGON. 
ONE HOUR. 
COOLING RATES. 

(1) ANNEAL AT 500-60~ C 
FOR ONE HOUR. 

MICROSTRUCTURAL CHARACTERIZATION 
MAGNETIC PROPERTIES MEASUREMENT 

XBL 874-1529 

Figure 5 
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Sample 
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Figure 6 
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Figure 13 
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Figure 30 
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Figure 31 
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