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ABSTRACT : The microstructure of He-substituted sintered Fe-Nd-8 

magnets, prepared by two different routes, has been characterized in order 

to understand the changes in intrinsic coercivity with Ho content. 

Spherical inclusions in the size range of sooA-1J.Lm have been observed 

inside the matrix Re2Fe14B grains. Characterization by xray diffraction, 
electron microdiffraction and energy dispersive xray microanalysis, 

shows that these inclusions are fcc rare earth oxides. The volume fraction 

of these inclusions increases with Ho content. Ho partitions preferentially 

into the matrix phase and no segregation of Ho to the interphase interfaces 

is observed. Lorentz electron microscopy experiments suggest that the 

inclusions in the lower end of the size distribution are capable of pinning 

the magnetic domain walls and hence these non-magnetic inclusions must 

contribute to the increase in intrinsic coercivity. 



INTRODUCTION: 
During the course of a systematic evaluation of the effect of quaternary 

rare earth additions upon the microstructure and magnetic properties of 
Fe-Nd-8 magnets, abnormally high values of intrinsic coercivity were 

observed in the case of Holmium additions, although the anisotropy field of 

Ho2Fe14B (79k0e at room temperature compared to Nd2Fe14B which is 
71 kOe) dictates that the intrinsic coercivity will not change significantly 
with Ho addition. Thus a detailed analysis of the microstructure and 
magnetic properties of various He-substituted alloys was undertaken to 
understand the origin of the high intrinsic coercivities. 

The effects of several quaternary rare earth additions are being 
investigated in order to overcome two main problems associated with the 
ternary Fe-Nd-8 magnets . These problems are 1 : (1) the high value of the 

temperature coefficient of saturation magnetization, dMs/dT and, (2) the 
high value of the temperature coefficient of the intrinsic coercivity, 
d(iHc)/dT. The cause for concern is due to the low Curie temperature of 

Nd2Fe14B2, which produces a high reversible temperature coefficient of 
remanence. In addition, the rapid fall of intrinsic coercivity, iHc, with 

temperature means that normally encountered demagnetizing fields can 
produce large irreversible losses of magnetization. Dy and Tb ( either in 

the elemental form or as the oxide) have been the most useful alloying 
additions in substantially overcoming the high temperature coefficient of 
iHc3-9. Both of them increase the anisotropy field of the RE2Fe14B phase 

thus raising the iHc through the dependence of iHc on the anisotropy field. 
In a recent analytical electron microscopic study 1 0, it was shown that in 

Fe-Nd-Dy-8 magnets, Dy partitions almost completely into the matrix 

RE2Fe14B phase when Dy is added in the casting stage. The increase in the 
magnetocrystalline anisotropy field of the RE2Fe14B phase due to the 
substitution of Nd by Dy was shown to be directly responsible for the 

increase in iHc of Dy substituted magnets. For certain special military 
applications which require full compensation of the reversible 

temperature coefficient of saturation magnetization, addition of Holmium 
has been found to be useful11. Ma et.al11 have examined the temperature 

dependent magnetization of many alloyed Fe-Nd-8 magnets based on 

computer calculations. Although no data about the microstructure of these 

magnets and how it influences the magnetic properties, especially the 

intrinsic coercivity, iHc, the energy product, (BH)max and the remanence 
have been reported, it was shown that for an alloy in which 35% of the Nd 

was substituted by Ho the iHc was 16.45k0e. This value is higher than the 
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normal iHc of an Fe-Nd-8 magnet which is about 13k0e. Since the 

anisotropy field of Ho2Fe148 is 79k0e as compared to 71 kOe for 

Nd2Fe14812-1S it is unlikely that the change in the iHc could be caused 

merely by an increase in the effective anisotropy field of the RE2Fe148 

phase, as observed in the case of Dy additions to Fe-Nd-8 magnets 1 0. Thus 

microstructural changes could be occurring which could effect the 

increase in iHc. Hence, a systematic study of the effect of Ho additions 

upon the microstructure and magnetic properties of ternary Fe-Nd-8 
magnets was thought to be essential. Such results are of importance, not 

only in understanding the effect of quaternary rare earth additions on the 

magnetic properties, but also in systematiCally characterizing the 

structural, microstructural and microanalytical changes which may be 

occurring due to the additions. Since the final microstructure and 

magnetic properties depend to a large extent on the processing conditions 

employed, careful analysis of the microstructure has to be carried out to 

identify the changes due to the changes in processing. 

EXPERIMENTAL; 

(1) Alloys ; Quaternary Fe-Nd-Ho-8 alloys with varying amounts of Ho 

were made by two different processing routes .. In the first method, a 

master alloy of composition 2.32wt%Nd-26.83wt. %Ho-1 wt.S 8-balance Fe 

was blended with a sintering aid of composition 42wt.% Nd-1wt.% 

8-balance Fe. These alloys were prepared by vacuum induction melting. 

The ingots were crushed, pulverized and jet milled to an average particle 

size of a few microns. The desired alloy composition was obtained by 

blending the master alloy with the sintering aid. The powder was then 

aligned in a magnetic field of 40k0e and cold isostatically pressed. The 

magnets were sintered at 1 osooc for 3 hours under vacuum. 

Post-sintering aging was carried out at ssooc for 3 hours to obtain the 

optimum coercivity. The alloy compositions and magnetic properties are 
presented in Table I. 

In the second method the desired alloy composition of 12 wt.% Ho-23 

wt.% Nd-1 wt.% 8-balance Fe was prepared by induction melting the pure 

elements. The ingot was crushed , pulverized and jet milled to an average 

particle size of 3-4 microns. The powders were then processed identically 

as the magnets prepared in the first method. 

(2) Magnetic Measurements ; All magnets were pulse magnetized in a 
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field of 40k0e prior to measurement. Magnetic properties were measured 

using a hysteresigraph at a maximum applied field of 25k0e. 

(3) Stryctyral and Microstructural characterization : Xray 

diffraction was carried using a Siemens 0-500 diffractometer on polished 
samples, using Cu Kce radiation. Samples for Transmission Electron 
Microscopy (TEM) were prepared by cutting 500 micrometer slices from the 
bulk magnet, mechanically grinding them to a thickness of 50 micrometers, 
followed by Argon ion milling. lon milling was carried out in a liquid 

nitrogen stage at 6kV with a gun current of 0.3mA, corresponding to a 
specimen current of 30-40 microamperes. TEM was carried out using a 

Philips 400 TEM/STEM at 100 kV. Analytical Electron Microscopy(AEM) 

was accomplished on a JEOL 200CX at 200 kV. This microscope is fitted 
with both a Be window Energy Dispersive Xray (EDX) detector as well as an 

ultra-thin window EDX detector. The ultra-thin window detector enables 
the detection and quantification of elements upto boron. Care was taken to 

ensure statistical significance of the xray data by acquiring at least 1 as 
counts. Spectral deconvolution and quantification was carried out using the 
Kevex 8000 system software using theoretically generated thin foil 
k-factors. In the case of oxygen, the corrected value of the k-factors was 

employed. Microanalysis line profiles were carried out at various regions 
in many samples in order to check the correctness of the profiles as well 
as the validity and reliability of the microanalytical data. Lorentz 

Electron Microscopy (LEM) was used to examine the interaction of the 
domain walls with the microstructural features. This was carried out 

using a Hitachi HU 650 TEM at 500kV . The goniometer tilting stage was 
used to move the domain walls in order to study the interaction of the 
domain walls with the microstructural features dynamically. 

RESULTS: 
(1) Magnetic Properties : Figs.1 (a-c) show the remanence, Br. intrinsic 

coercivity, iHc, and energy product, (BH)max• respectively as a function of 
Ho content in the alloys processed by the first processing route, i.e., 

blending of the master alloy with the sintering aid. For comparison, the 

corresponding magnetic properties of the sample prepared by the second 

method, i.e., in which Ho was added to the alloy in the induction melting 
stage, are also shown in these figures. The intrinsic coercivity rises 

almost linearly with weight% of Ho in the alloy. This result is surprising 

since the anisotropy field of Ho2Fe14B is 79 kOe while that of Nd2Fe14B is 
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71 kOe. Thus a mere substitution of Nd by He should not lead to such a 

large change in the iHc. This is authenticated by the iHc of the magnet 

which was processed by the second method, i.e, in which He was added to 

the alloy in the vacuum induction melting stage. In this case, as shown in 

Table I, the iHc is only 11.4 kOe as compared to that of a sample with the 

same amount of He, but processed by the first method. In this case the iHc 

is 20.5 kOe, under identical measurement conditions. The second quadrant 

of the hysteresis loops of samples (1-5) is shown in Figs.2(a&b). In 

samples (1 )-(4) as the He content is progressively increasing, the loops 

become less square and in the case of the 12 wt.% sample(4), a definite 

kink appears in the 8-H loop. The magnetization starts to drop at -9k0e 

but the iHc value is -20.5 kOe ! The shape of the hysteresis loops and the 

iHc values were obtained repeatably, thus removing any doubt that the 

measurement could be in error. Due to the surprising nature of the iHc data 

(and to be sure), the hysteresis loops were generated on a different 

hysteresigraph and identical results were obtained. The reliability of the 

iHc values was verified by this duplicate measurement. The temperature 

dependence of iHc and Br is shown in the hysteresis loops in Fig.3(a &b) for 

sample (3) and (5) respectively. The kink in sample (3) remains at 1500C 

also and the iHc also remains higher than that of sample(5). 

Structural and Microstructural Characterization ; Figs.4 (a-e) 

show xray diffractograms of samples 1-5 respectively. The main peaks 

can be indexed as arising from the matrix RE2Fe14B phase. However, there 

are two peaks in the xray diffractograms of samples (1-4) which do not 

exist in that of sample 5. In the diffractograms 1-4, a minor peak can be 

observed for 26 values of about 35-360. This peak is not found in sample 5 

at all. Similarly, a minor peak is found in samples (1-4) at 26 values of 

about 530, which is not found in sample (5). The peak at 360 corresponds 

to a d-spacing of 2.5357 A, while the peak at 530 corresponds to a 

d-spacing of 1 . 7940A. The highest intensity peak at 450 corresponds to 

the (006) reflection of the RE2Fe14B phase, due to the alignment of the 

c-axis along the axis of the cylindrical sample. The ratio of integrated 

intensity of the peak at 360 and at 530, to that of the (006) matrix 

reflection is given in Table II for all the samples. It is clearly seen that 

the ratio increases from sample (1) to (4) and is zero for sample (5). This 

indicates that a new phase is present in samples (1-4), which is not 

present in sample (5). This will be elaborated further through the results 

of TEM studies. 

5 



In order to identify the structure and composition of the new phase(s) 

present in samples (1-4), TEM was carried out on all samples. 
Specifically, samples (4) and (5) were examined in detail, since these two 

samples had the same nominal composition but exhibited a large difference 
in iHc. Electron microscopic investigations revealed that the overall 

microstructure in both sample (4) and (5) was the same. It consists of 

large ( about 5-1 0 micrometers) grains of the matrix RE2Fe14B phase, at 
the triple junctions of which an fcc phase is observed. The details of the 
microstructural aspects are discussed in earlier papers 16-21 . However, 
the major difference was that in the case of sample (4), several inclusions 

were observed inside the matrix grains. Fig. 5 shows typical examples of 
these inclusions. These inclusions varied in size from about sooA to about 

soooA and were generally rounded. Such inclusions were observed in 
samples (1-3) also. More of the inclusions observed were in the lower end 

of the size range, although a quantitative estimation was not possible. 
However, it was evident that the density of the inclusions increased 
monotonically from sample (1) to (4) and they were not observed in sample 
(5) at all. This matches well with the observation that the xray peak 
ratios increased monotonically from sample (1) to (4) and was zero for 
sample (5). Although many of the particles had amorphised due to ion beam 

damage (during Argon ion milling ), it was possible to find one particle 

that was crystalline. Fig. 6(a, (b) and (c) respectively show the 
microdiffraction patterns, from the large particle in Fig.S, in the [11 0], 
[112] and [013] zone axis orientations of a fcc structure. The lattice 

parameter measured from the diffraction patterns was 5.12A, which 
agreed well with the xray diffraction data. 

Microanalysis: Microanalysis was carried out to determine the 

composition of the inclusions as well as determine the partitioning of Ho 
between the matrix and the grain boundary phase, both in the samples with 
inclusions and without inclusions. In earlier papers20,21 it has been 

shown that the possible segregation of a substituent species, such as Dy or 
AI, to the interphase interfaces could be a potential mechanism for 

inproving the intrinsic coercivity of nucleation controlled magnets such as 
sintered Fe-Nd-B. In such magnets, magnetization reversal occurs by the 

nucleation of domain walls at defects such as interphase interfaces, grain 

boundaries, etc., at which the local magnetocrystalline anisotropy is much 
lower than that in the bulk of the sample. Fig.7(a) is a bright field 

micrograph showing the grain boundary phase at the triple junctions. This 
figure also shows the line profiling across the grain boundary phase, to 
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detect possible segregation at the two-phase interfaces. Fig.7(b) shows a 

typical EDX spectrum from the grain boundary fcc phase. As was shown in 

earlier papers, the fcc phase is rich in Nd and is stabilized by the presence 

of oxygen. Fig.7(c) shows a typical EDX line profile across the grain 

boundary phase from sample No.4, shown in Fig.7(a). Since this was 

obtained using a Be window EDX detector, oxygen is not detected . This 

profile shows that the grain boundary phase is depleted in Ho (about 0.6 

atomic%) while the matrix contains about 4.5 atomic% of Ho. Similar 

results were obtained from sample No.5 also, as well as in the other 

samples. Thus, it was clear that Ho partitioned preferentially into the 

matrix phase, within the limits of the experimental errors. Also, this 

indicated that no significant segregation or depletion of Ho was occurring 

at the fcc phase-matrix interfaces, in the case of all the samples. Using a 

focussed probe of diameter 400A, it was possible to obtain an EDX 

spectrum from the inclusion. Fig.7(d) shows a typical EDX spectrum from 

an inclusion. This indicates that the inclusion is rich in oxygen and Ho. 

The quantified composition data for the different microstructural regions. 

is summarized in Table Ill. The microanalytical data along with the 

diffraction information that the inclusion has an fcc structure, means that 

the inclusions are rare earth oxide particles. Examination of data on the 

oxides of rare earths reveals the presence of an fcc oxide with the NaCI 

structure, with a lattice parameter of 5.07 A. This agrees well with the 

xray diffraction data where the peaks corresponding to d-spacings of 

2.5357A and 1.7940A correspond to the (200) and (220) reflections from a 

fcc structure with lattice parameter of 5.07 A. Thus, it was clear that the 

inclusions were fcc rare earth oxides. 

The presence of the inclusions inside the matrix RE2Fe14B phase and 

the observation of kinks in the second quadrant of the hysteresis loops, 

Fig.2(a), suggested that domain wall pinning may be occurring at the 

inclusions. With this in mind, the interaction of domain walls with the 

inclusions was examined by Lorentz microscopy. Again, since sample No.4 

exhibited the largest density of the inclusions and the highest iHc, this 

sample was examined . 

. Lorentz Electron Microscopy: The samples examined'had the c-axis in 

the plane of the foil, thus making it possible to move the domain walls by 

tilting the foil, thereby changing the in-plane component of the objective 

lens magnetic field. In this experiment, the interaction of the moving 

domain walls with particles in the size range 300-SOOA was examined, 

since this size range is within an order of magnitude of the domain wall 
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width, which is typically about soA in Nd-Fe-8 magnets. Fig.8(a) is a 

bright field image of a typical inclusion about which the tilting 
experiments were carried out. In Fig.8(b-d) the Lorentz images in the 
Fresnel mode show various positions of the domain wall as a function of 

foil tilt angle. The strong interaction of the domain wall with the 

inclusion is evident in the image in Fig.8(d), where the wall is sharply bent 
near the inclusion (indicated by arrows) and is stuck to the inclusion. In 

this case, further movement of the domain wall from this pinned 
configuration required large tilt angles. Very often, spike domains were 

observed when the wall was pinned strongly to the inclusion. One example 
is shown in Fig.9(a -c), in which the wall was moved until it was pinned at 
the inclusion. The bright field image shows the inclusion (about sooA 
diameter), while the under-focussed and over-focussed Fresnel images in 

Fig.9(b&c) show the pinned configuration, with the formation of a spiked 
domain wall. In this case also, further movement of the wall required 

large angles of tilting. In the case of large inclusions, as in Fig.1 0 ( about 

1.0 micron), several domain walls were observed around each inclusion. In 
this case, the domain walls moved very easily across the inclusions. 

DISCUSSION; 

(1) Structure and Microstructure ; The xray diffraction data along 
with the microdiffraction and AEM data clearly elucidate the structure and 
composition of the inclusions observed in samples (1-4). That these 

inclusions are related to the processing steps is also clear, since the 
inclusions are not observed in sample No.5, in which Ho was added in the 
casting stage itself. The microdiffraction data confirms the xray 
diffraction inference that the inclusions are face centred cubic, with a 

lattice parameter of 5.07 A. The AEM data conclusively reveals the 

presence of oxygen and holmium in the inclusion, thus indicating that the 
inclusions are (Nd-Ho)oxide. The distribution of the oxide inclusions 

appears to be random, although more small inclusions were observed 
compared to large inclusions. The rounded shape of the inclusions and the 
absence of any specific orientation relationship indicates that they did not 
form by a solid state precipitation process. 

(2) Microstructure - Magnetic Property Correlation ; 
The decrease in remanence with He addition can be attributed to two 

causes : (1) the replacement of Nd by Ho leads to anti-ferromagnetic 

coupling of the Ho spins to the Fe spins ; (2) the Nd-Ho oxide inclusions, 
which are paramagnetic at room temperature. However, the increase in 
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intrinsic coercivity with Ho content in samples (1-4) cannot be explained 

by a simple increase in the effective anisotropy field of the RE2Fe148 

phase, since the anisotropy field of Ho2Fe148 is not very different from 

that of Nd2Fe148. Thus, assuming (to a first approximation) a rule of 

mixtures, the effective anisotropy field when 4.5 at.% Ho replaces Nd 

should be 7 4.5 kOe, based on anisotropy field values of 71 kOe for Nd2Fe148 

and 79k0e for Ho2Fe148. This is the case for samples (4 )and (5). 
However, the iHc for sample (4) is 20.5 kOe while for sample (5) it is only 
11 .4k0e. Hirosawa et. al22 have shown that the nucleation field, made up 

of the sum of the intrinsic coercivity and the effective demagnetizing 

field, Is (Is =47t.Ms). is linearly related to the effective anisotropy field of 

the RE2Fe148 phase. Thus, (iHc + Is ) = c. HA, where HA is the effective 
anisotropy field. In this case, "c" is the slope of the linear fit and was 

found to be 0.38. In Fig.11, the nucleation field, defined by the above 

relationship, is plotted against the effective anisotropy field. A linear fit 

is obtained, but the slope is much larger than 0.38. The fact that the 

intrinsic coercivity is increasing at a rate faster than that at which the 

effective anisotropy field is, means that the effective anisotropy field is 

not the most important factor affecting the intrinsic coercivity. Thus, it 

appears that the magnetization reversal and intrinsic coercivity of 

samples (1-4) may not be classified as due to a typical "nucleation 
type"23 magnet, unlike in the case of sample (5). Hence, some domain wall 

pinning in the bulk of the magnet needs to be invoked to explain the higher 

intrinsic coercivity values as well as the kinked second quadrant loops, 

especially in samples (2,3 and 4). This is more so since microanalysis of 

the matrix-fcc phase interface as well as the grain boundaries, which are 

two of the most potent domain wall nucleation sites in Fe-Nd-8 magnets, 

indicates no difference in samples (4) and (5). The absence of any 

micro-segregation near the interphase interfaces also rules out the 

possibility of any local increase in the effective anisotropy field, thus 
leading to a higher nucleation field. 

The kinks in the second quadrant of the 8-H loops suggest that domain 

wall motion is prevented after the initial nucleation step, thus delaying 

further reversal of the grain in question. Indeed, evidence for domain wall 

pinning has been found by Lorentz microscopy studies, wherein, particles 

in the lower end of the size spectrum do prevent the motion of domain wall 

to a significant extent. However, this information should be considered 

qualitative, since the exact field conditions in the sample cannot be 

determined. In addition, the two-dimensional nature of the TEM foils, even 
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in a high voltage microscope, is likely to induce effects which may not 

have an equivalent in bulk magnets. However, along with the experimental 

observation of high iHc values as well as kinked second quadrant 8-H 
loops, in samples 2,3 and especially 4, the Lorentz microscopy 

observations have enhanced credibility. These results, along with the 
structural and microstructural information that samples (1-4) contain 
Nd-Ho oxide inclusions, mean that the non-magnetic oxide particles may be 
pinning the domain walls, leading to higher iHc values as compared to 

sample (5). 
Parker et.al22,23 have examined the influence of Nb on the magnetic 

properties of Nd/Dy-Fe-8 magnets and have observed 200-SOOA Nb-rich 

particles inside the RE2Fe148 grains, which act as pinning sites for 
domain walls. These observations lend support to the experimental 

observations made in this study. The wide range of inclusion sizes, 

observed in this study, however, precludes theoretical estimation of the 

contribution of domain wall pinning to the iHc observed. Thus, 
experiments with additions of particles of controlled size and size 

distribution, as well as different magnetic properties, need to be carried 
out to fully understand the contribution of domain wall pinning in the bulk 
of the magnet, to the overall iHc of the magnet. The results presented here 
could have significant implications in terms of the potential range of 

applications of these magnets. For example, upon comparing the properties 
of sample(3) and (5), it is seen that about 50% increase in the iHc can be 
obtained along with a higher remanence and energy product, simply by 

changing the form in which Ho is added to the alloy. Indeed, it should be 
possible to achieve similar improvements in the iHc by introducing other 

magnetic/non-magnetic inclusions of suitable size into the matrix 

RE2Fe148 phase. Such experiments are in progress. 

CONCLUSIONS: The microstructure of He-substituted Fe-Nd-8 magnets 

prepared by two different routes has been characterized in order to 
understand the increase in iHc with Ho content in samples prepared by 

blending of two master alloys. In addition to the general microstructure, 
described in detail in earlier papers 16-19, through xray diffraction and 

electron microscopy techniques inclusions with fcc structure have been 

observed inside the matrix RE2Fe148 phase. The volume fraction of the 

inclusions increases with Ho content, as inferred from the increase in the 

(200)fcc and (220)fcc xray peaks in samples (1-4), with Ho content , as 
well as from the electron microscopy observations. Through analytical 
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electron microscopy, the inclusions have been determined to be Nd-Ho 

oxide. The inclusions have been observed in a size spectrum ranging from 

300A to 6000A, with more of the inclusions in the lower end of the size 

spectrum. Lorentz microscopy suggests domain wall pinning at the smaller 

inclusions, especially those within 600A diameter. The observation of 

pinning is consistent with the observation of kinks in the second quadrant 

of the hysteresis loops, in the case of samples with inclusions. Since the 

anisotropy field of Ho2Fe14B is almost the same as that of Nd2Fe14B, the 
increase in iHc with Ho content cannot be explained as being caused by an 

increase in the effective anisotropy field of the RE2Fe14B phase. Increase 
in iHc due to micro-segregation of Ho can also be ruled out since the 

micro-analytical data indicates no segregation of Ho to grain boundaries or 

matrix-fcc phase interfaces. Hence, it is suggested that domain wall 

pinning in the bulk of the magnet, at the inclusions, is responsible, at least 

in part, for the increase in iHc observed with Ho additions, in samples 

(1-4). This inference is supported by a monotonic increase in the relative 

intensity of the (200)fcc and (220)fcc peaks with Ho content, concurrent 
with the increase in iHc. Finally, it is suggested that in order to overcome 

the difficulties due to the size spectrum of the inclusions, systematic 

experiments, with additions of particles of controlled size and 

distribution, need to be carried out to fully understand the role of domain 

wall pinning in the bulk of the magnet by fine non-magnetic inclusions. 
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FIGURE CAPTIONS 

Figure 1 : Effect of Ho additions on (a) the remanence, Br: (b) intrinsic 

coercivity, iHc and (c) energy product, (BH)max of Fe-Nd-8 
magnets, processed by blending of two master alloys. The 

corresponding magnetic properties of sample (5) are also 

shown for comparison. 

Figure 2: (a) Room temperature second quadrant hysteresis loops of 
samples (1-4) at a maximum applied field of 25kG. Note the 

kink in the loops for samples (1-4}, especially sample (4) ; (b) 

same plot for sample (5). Note the much lower iHc of sample(5) 
compared to sample (4) although both have the same nominal 
composition. 

Figure 3 : (a) Second quadrant hysteresis loops of sample (3) at different 

temperatures. Note the persistence of kinks at 15QOC also ; (b) 
Second quadrant hysteresis loops of sample (5) at different 

temperatures. 

Figure 4 : (a-e) Xray diffractograms of samples (1-5) respectively. Note 
two extra peaks for samples (1-4), that are not observed in 

diffractogram of sample (5). 

Figure 5: (a) A bright field TEM image showing inclusions of different 

sizes in sample (4). These inclusions are typical of those 
observed in samples (1-4). 

Figure 6 : Microdiffraction patterns from the inclusion shown in the 

image in Fig.5(a). The patterns are indexed as (a) [11 O]fcc; 

(b)[112]fcc and (c) [013]fcc· These micro-diffraction patterns 
were obtained with a nominal probe size of 400A. 

Figure 7 : (a) Bright field TEM image showing the microanalytical line 

profile across the triple junction ; (b) a typical EDX spectrum 

from the grain boundary phase, showing the oxygen peak as well 

as the prominent Nd peak; (c) EDX line profile data for the 

14 



•' 

region depicted in (a) ; (d) typical EDX spectrum from the 

inclusion obtained using an ultra-thin window EDX detector. 

Figure 8 : (a) In-focus image showing two inclusions, from sample (4) ; 

(b), (c) and (d) show sequential Fresnel Lorentz images of a 

domain wall, as a function of the foil tilt. Note the strongly 

pinned configuration in (c). 

Figure 9 : (a) In-focus image of an inclusion from sample (3) ; (b) spiked 

domain wall, pinned at the inclusion. 

Figure 1 0 : Multiple domain walls observed around a large inclusion in 

sample (4). 

Figure 11 : A plot of nucleation field against effective anisotropy field for 

the magnets with various amounts of Ho additions. Note that 

the slope of the linear fit is much larger than 0.38. 
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TABLE I 
COMPOSITION OF ALLOYS STUDIED 

SAMPLE NO. PROCESSING Wt.% Fe Wt.% Nd 

1. 

2. 

3. 

4. 

5. 

Blending of master alloys 

Blending of master alloys 

Blending of master alloys 

Blending of master alloys 

He cast-in 

62.10 

62.65 

63.28 

63.80 

63.80 

33.90 

30.35 

26.72 

23.10 

23.10 

Wt.% He 

3.00 

6.00 

9.00 

12.10 

12.10 

1 6 

Wt.%B 

1.00 

1.00 

1.00 

1.00 

1.00 



TABLE II 

RATIO OF INTENSITY OF PEAKS AT 37o AND 53o TO THE 006matrix 

PEAK 

1 7 

SAMPLE NO. Ho CONTENT RELATIVE INTENSITY 

WT.% OF PEAK =37o 

RELATIVE INTENSITY 

OF PEAK = 530 

1. 3.0 6.1 4.0 

2. 6.0 8.6 4.3 

3. 9.0 13.5 9.5 

4. 12.0 26.2 9.8 

5. 12.0 0.0 0.0 

* NOTE : The intensity of the two peaks are relative to that of the 

(006)matrix peak, which is taken as 100% intensity. 



TABLE Ill 

RESULTS OF ANALYTICAL ELECTRON MICROSCOPY POINT ANALYSES 

SAMPLE NO. PHASE REGION 

4. matrix 

4. fcc phase 

4. fcc inclusion 

5. matrix 

At.% Fe 

85.75 

6.89 

5.89 

86.35 

At.% Nd At.%Ho 

9.82 4.44 

60.29 0.76 

41.00 13.28. 

9.12 4.53 

At.%0 

0.00 

32.04 

39.83 

0.00 
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