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The classification of sets of ferromagnets may be usefully discussed in a graphical form by 
plotting the HcB/B r and Hcl/B r ratios of the individual magnets. For each set, a curve of the 
form HcB/B r = K(Ho~/Br) L, can be fitted, where K and L are constants of fit. This general form 
is discussed in detail with respect to the theoretical limiting cases. An appraisal of data from 
several sets of rare earth-based ferromagnets indicates that these ferromagnetic materials can 
be classified into three general types, especially when the powder metallurgical processes and 
conditions for fabricating the actual magnets are taken into consideration. Effects of com- 
position and temperature variations on the magnetic properties can also be consistently dis- 
cussed within this classification. 

1. Introduction 
We have recently shown [1, 2] that when the Hol/B r 
and HoB/B~ ratios (hereafter these may be more con- 
cisely referred to as X and Y respectively) of individual 
magnets which form a defined set are plotted a charac- 
teristic curve is obtained. Ferromagnets form a set 
when the following conditions are satisfied: (a) they 
are of basically the same, or similar material com- 
position; (b) they are produced by the same fabrica- 
tion route and (c) they have been subjected to similar 
environmental conditions. The initial basis for plotting 
these ratios stems from an empirical classification of 
ferromagnets into two types according to the Becker 
conditions [3]. In cgs units these are given as: type 1: 
X ~  Y <  1 and type 2: X~> Y ~  1 (cgs units are 
preferred as the unity factors in both conditions are, 
less conveniently, replaced by (1/0.4~) in SI units). 
The implications and usefulness of the Becker con- 
ditions are enhanced through the graphical (X, Y) 
representation since it allows the treatment of indi- 
vidual magnets to be replaced by that of sets of 
magnets. 

This paper first discusses the need for a third type of 
ferromagnet which is specified by a condition inter- 
mediate between the original Becker conditions. The 
different forms of the Y = K X  L equation which arise 
according to the various possible combinations of the 
constants of fit, K and L, are then identified and 
correlated to the different types of magnets with the 
aid of empirical data from several typical sets of rare 
earth-based magnets. Finally, we examine the possible 
extension of the (ii, Y) graph scheme for categorizing 
the effects of magnet fabrication processes and con- 
ditions, as well as, compositional and temperature 
variations. 

2, The classification of ferromagnet  
sets 

2.1. A third type of ferromagnet 
The Becker conditions [3] classify ferromagnets into 
two types according to their demagnetization charac- 
teristics. A Type I ferromagnet is characterized by a 
high remanence (Br) but relatively much lower coer- 
civities (Hc~ and HOB). Hence this type of magnet is 
deficient in (BH)ma• products and also easily demag- 
netized. In contrast, the more recently developed 
RE-based magnets are classified as type 2 because they 
show promise of high Br and extremely high Ho~ 
values. They therefore have almost ideally square 
demagnetization loops and high (BH)max products. 
However, attempts at fabricating practical magnets 
from type 2 materials have encountered various prob- 
lems which prevent the realization of their ideal 
properties. This situation suggests that the Becker 
classification may not be comprehensive and that a 
third type (which we shall call type T) can be dis- 
tinguished to permit a smooth transition between 
types 1 and 2. 

The condition corresponding to the type T ferro- 
magnets is of the form X ~> Y ~ 1, which clearly falls 
between the two Becker conditions. Thus type T mag- 
nets may be characterized by high remanences and 
comparable coercivities whereas type 2 magnets may 
also have high remanences but are more especially 
marked by the possibility of possessing extremely high 
Hcj values (in excess of both B~ and H~). 

2.2. The (X, Y) graph for ideal ferromagnets 
For the square demagnetization loops of ideal fer- 
romagnets the approximate equalities in all the 
three magnet type classification conditions become 
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Figure 1 A schematic representation of the (X, Y) ranges for the 
proposed types (1, T and 2) of  ferromagnet sets. 

T A B L E  I The classification of ferromagnets according to 
ranges of  the (K + L) values 

(K + L) range Ferromagnet type Comment  

0 < K + L < 1 Type 2 magnets  Magnets  not  
forming set 
(see text). 
Becker type 2 

K + L = 1 Type 2 set Becker type 2 
1 < K + L < 1.25 Types 2-T overlap 
1.25 < K + L < 1.75 Type T 

1.75 < K + L < 2 Types T-I overlap 
K + L ~ 2 Type 1 

0 < K < I  
0 < L < I  
Type T condition 

K ~ L ~ 1 
Becker Type 1 

magnets which are individually type 2, but do not 
form a set as defined by the above provisions, (a) to 
(c). Hence these curves intersect the K + L = 1, type 
2 curves. 

equalities. These magnets are then represented on the 
(X, Y) graph by points lying on either of  the lines OP 
and PQ shown in Fig. 1. The line OP has constant 
unity gradient while the line PQ represents constant 
unity Y value (zero gradient). The lower X-= Y 
values on OP correspond to type 1 while the higher 
values correspond to type T ideal magnets. Similarly, 
the lower X values on the PQ line may be considered 
as corresponding to type T and the higher values to 
type 2 magnets. In each of  these cases the changeover 
from one type to another is not abrupt but occupy a 
range of mixed type characteristics. The point P is 
especially interesting as it is the intersection of OP and 
PQ which involves an abrupt change of gradient from 
1 toO. 

2.3. The (X, Y) graph for fabricated magnets 
A smooth curve of  the form Y = K X  L can be fitted 
[1,2] to the plotted (X, Y) data for a set of fabricated 
magnets. This curve replaces and reduces to the lines 
O P ( K  = L = l) a n d P Q ( K  = I , L  = 0) for ideal 
magnets. In addition, the point P, at which there 
is an indeterminate gradient for the ideal magnets, is 
replaced by a more realistically gradual curve. This 
curve bridges the types 1 and 2 behaviour and identi- 
fies a new, type T behaviour. 

Sets of  fabricated magnets can be classified with the 
Y = K X  L equation according to the values of K and 
L, the constants of fit. K and L can separately range 
from 0 to 1. However, it is the sum, K + L, that we 
find most useful for the purpose of classification. 
The various ranges of K + L and the corresponding 
type of ferromagnet sets described are summarised in 
Table I. For type 2 curves the condition, K + L = 1, 
is particularly simple. We may, therefore, calculate 
expected type 2 curves for any combination of K and 
L which sums to unity. Calculated examples of type 2 
curves are shown in Fig. 2. Similarly, it is possible to 
calculate the curves corresponding to type T and the 
mixed types 1-T and T-2 ferromagnet sets from the 
approriate K + L values. Finally, we note the remain- 
ing condition of 0 < K + L < 1. The curves defined 
by this sum appear to arise from the (X, Y) values of 

3. T h e  Y = KX L e q u a t i o n  f i t t e d  t o  
e m p i r i c a l  d a t a  

Empirical data for a number of SmCo and N d - F e - B  
based magnet sets have been analysed and fitted to the 
Y = K X  L equation. Results from this analysis are 
summarized in Tables II-IV, the magnet sets having 
been chosen to examplify different types, correspond- 
ing to various K + L combinations. Major process 
details and physical variables along the (X < Y) 
curves are also included in the tables for each of  the 
magnet sets. This inclusion stresses the view that the 
(X, Y) classification can be applied to the actual fabri- 
cated magnet sets and not merely to the basic ferro- 
magnetic materials themselves. Taking into account 
that the data used for a number of sets were merely 
read from punished graphs, it is remarkable that good 
Y = K X  L fits have been obtained for the variety of 
materials, process and measurement conditions repre- 
sented here. It is also notable that the K + L sum for 
each of the three magnet sets in Table II is within 2% 
of the unity value expected for their classification as 
Type 2. These type 2 curves can be visualized by 
interpolation within the calculated graphs in Fig. 2. 

I 2 
x 

Figure2 Calculated Y = KX L curves for Type 2 (K + L = 1) 
ferromagnet sets; K = 0.5, 0.6, 0.7, 0.8 and 0.9. 
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T A B L E  II Examples of Type 2 (K + L = l) rare earth ferromagnet sets 

Magnet set Major process K, Range B r Primary variables 
[Ref] details L (kG) along curve 

SmCo,.: M(F) Milled powder, 0.567 2.76 to 5.24 4.8 ~< x ~< 5 
[1, 2] cold set polymer 0.432 Particle size 
SmCox: HD(F) Hydrided powder, 0.727 4.25 to 5.66 4.8 ~< x ~< 5 
[2] cold set polymer 0.259 Particle size 
Nd-Dy-Fe-B Sintered, heat 0.895 10.95 to 12.4 Dy content (refer 
[4] treated 0.117 to [4] for details) 

The fitted curves corresponding to Tables III and IV 
are shown respectively in Figs 3 and 4. 

4. Discussion of empirical data f i t ted to 
y = K X  L 

The sets of fitted data in Tables II-IV can be seen to 
correlate to the main characteristics of the three types 
of magnet sets, according to the Becker conditions 
plus the type T condition and also the respective 
K + L combinations specified in this paper. For the 
rare earth based magnets, the type 1 classification is of 
no consequence and so we shall only need to discuss 
here the details of correlation to types T and 2. 

4.1. Sintered and polymer bonded magnets 
The most notable feature of the magnet sets in 
Table IV, for which the K + L ranges apply to types 
T and T-1 overlap, is that they are all sintered. Effects 
of sintering include densification and grain growth 
in the sintered magnet. The consequences of these 
effects are, usually, an increase in Br accompanied by 
decreased coercivities, features of a type T character. 
In contrast, cold set polymer bonding of aligned mag- 
netic powder will not significantly affect any densifica- 
tion and the starting powder particles will therefore 
remain as separate entities in the fabricated magnet. 
Therefore these magnets will have relatively low 
remanence values but can have enhanced coercivities, 
which are features of a type 2 character. 

4.2. Dysprosium substitution of neodymium 
in Nd-Fe-B based magnets 

Besides the two SmCo based polymer bonded sets 
discussed above, Table II also include a Nd-Fe-B 
based sintered set in which there is a successive 
substitution of neodymium by dysprosium [4]. This 
contrasts with the purely Nd-Fe-B sintered set 
[9] in Table IV, where the empirical variable is 
merely the relative neodymium content. Although 
Ma and Krause [9] also studied in detail sintered 

NdDyFeB magnets, the data for these magnets are not 
suitably reported for our present analysis. However, 
they point out that the substitution of dysprosium for 
neodymium improves the intrinsic coercivity of the 
basic Nd-Fe-B magnets by (i) the fundamental effect 
of increasing the anisotropy field as well as (ii) the 
process related consequence of grain growth inhibit- 
ion during sintering and high temperature ageing. 
Hence the effect on the (X, Y) graph due to the 
dysprosium substitution of neodymium may still tend 
to be characteristic of a type 2 classification, even 
though the magnets have been sintered and subjected 
to a high temperature ageing treatment. 

Finally, we note that increasing the temperature at 
which the magnetic properties of fabricated Neomax 
30-H and 35 magnets are measured [8] causes reduc- 
tions in the remanences and, even more rapidly, in 
the coercivities. The reductions in all the magnetic 
parameters with temperature were less rapid for the 
30-H set than with the 35 set. According to our analy- 
sis here, the 30-H set has a K + L sum that is type T 
bordering on the type T-2 overlap while that for the 35 
set is within the type 1-T overlap range. This observa- 
tion is consistent with the above discussion on the 
effects of dysprosium in Nd-Fe-B magnets since 
the 30-H set is stated to have "a small dysprosium 
addition" [8]. 

4.3. The types T-2 overlap range 
From the above discussion that the ideal limits of the 
Y = K X  L curve are the straight lines OP and PQ 
(Fig. 1), we can expect that the fitting of type T-2 
overlap data will be complicated by the indeterminate 
gradient at the point P. Although reasonably good fits 
have been obtained for the magnet sets considered 
here (Table III and Fig. 3), it may prove even more 
useful to fit the empirical data in two groups instead, 
with the separation at X = 1. Alternatively, more 
terms can be included, in the equation of fit to accom- 
modate a less gradual gradient variation in the vicinity 

T A B L E  l l I  Examples of Types 2-T overlap (1 < K + L < 1.25) rare earth ferromagnet sets 

Magnet set Major process K, Range Br Primary variables 
[Ref] details L (kG) along curve 

SmCo~: HD(A) As HD(F), 0.709 
[2] Table II, aged 0.371 
SmCo 5 Compacted and 0.638 
[5] sintered 0.481 

SmCo,.: M(A) As M(F), 0.543 
[2] Table lI, aged 0.596 
SmCo 5 Thermoplastic 0.509 
[6] bonded 0.737 

4.25 to 5.86 4.8 ~< x ~< 5 
Particle size 

7.8 to 9.5 Sinter 
temperature 
Density 

2.77 to 5.27 4.8 ~< x ~< 5 
Particle size 

5.2 to 6.4 Particle size 
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T A B L E  IV Examples of  Type T (1.25 < K + L < 1.75) and types T-l Overlap (1.75 < K + L < 2) rare earth ferromagnet sets. 

Magnet set Major process K, Range B r Primary variables 
[Req details L (kG) along curve 

SmCo 5 Sintered 0.667 8.2 to 9.5 4.69 ~< x ~< 5.16 
[7] 0.642 Particle size 
Neomax 30-H 0.736 9.2 to 12.4 Temperature 
[8] 0.642 (20-200 ~ C) 
Neomax 35 0.851 9.2 to 12.2 Temperature 
[8] 0.909 (20-200 ~ C) 
NdFeB 0.851 10.8 to 12.5 Nd content; Density; 
[9] 0.949 Microstructure (see 

Ref. for details) 

Sintered 
Nd-Fe -B  based 
Sintered 
Nd-Fe -B  based 
Sintered High T 
aged 

of X = 1. Examples or other sets of data that may 
require a similar re-analysis are the sintered SmCox 
and Neomax 30-H sets in Table IV (graphs a and b 
respectively in Fig. 4). In this case, the ranges of 
K + L which correspond to types T-2 overlap and 
type 2 classification may need to be respecified. A 
more detailed discussion of these aspects, together 
with the analysis of additional magnet sets for which 
suitable data is available, will be reported in a future 
paper. 

5. C o n c l u s i o n s  
(1) The usefulness of the Y -- KX L equation for the 

classification of ferromagnetic materials has been 
analysed further. 

(2) A major conclusion of this analysis is that the 
Becker classification of ideal (square demagnetization 
loop) ferromagnets into two types should be extended, 
for fabricated magnet sets, to include a third, inter- 
mediate type. 

(3) Regimes for the different types and type over- 
laps are identified with corresponding combinations 
of K +  L. 

(4) Comparison with empirical data for a number 
of rare earth based magnet sets has shown that the 
present graphical scheme is useful, not only for the 
classification of basic ferromagnetic materials, but 
also of composition substitutional effects, fabrication 
processes and measurement conditions. 
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Figure 3 Fitted Y = KX L curves for the Types 2-T overlap rare 
earth ferromagnet sets in Table III; (a) SmCox: HD(A), (b) SmCos: 
sintered, (c) SmCox: M(A), (d) SmC%: thermoplastic bonded. 
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Figure 4 Fitted Y = KX L curves for the type T and types T-1 
overlap rare earth ferromagnet sets in Table IV; (a) SmCox: sin- 
tered, (b) Neomax 30-H, (c) Neomax 35, (d) NdFeB. 
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