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Chapterr  4 
Effectt  of exchange coupling in 
nanocompositee two-phase Nd-Fe-B 
magnets s 

4.11 Introductio n 

Thee discovery of two-phase nanocomposite magnets, such as 
NckFenB/FeaB11 and Nd2Fei4B/a-Fe,2 have opened a new investigation 
fieldfield for novel permanent magnets. Summarizing all of the experimental 
andd theoretical researches during the last decade, there are three basic 
featuress of isotropic two-phase nanocomposite magnets. First, the reduced 
remanencee ratio mr = Mr/Ms is larger than 0.5. Second, the reversibility of 
thee demagnetization is larger than in conventional permanent magnets, 
leadingg to the characterization as 'spring magnet', Third, the coercivity iHc 

adoptss values between those of the hard-magnetic phase and the soft-
magneticc phase, depending on the volume fraction of these two phases. 
Generally,, these features are attributed to the effect of the exchange 
couplingg between the hard phase and soft phase, whose grain sizes, 
especiallyy for the soft phase, are smaller than 30 nm. There is no non-
magneticc phase at the boundaries between both phases, preventing 
magneticallymagnetically isolated grains. In other words, the magnetic moments of the 
hardd phase keep the nearby moments of the soft phase in mutually parallel 
directionn via the exchange interaction between the magnetic moments. 
Accordingg to the exchange spring model of Kneller and Hawig,3 which was 
alreadyy introduced in Chapter 2, the critical length bcm of the soft (m) phase 
thatt is fully exchange coupled with hard (k) phase can be expressed as: 

27 7 
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bcm=7t(Am/2Kk)
1/22 (1) 

Here,, Am is the exchange energy of the soft-magnetic phase (m) and Kk is 
thee magnetocrystalline-anisotropy constant of the hard-magnetic phase (k). 
Iff  each grain of the soft-magnetic phase is surrounded by hard phase, the 
grainn size of the soft phase should be smaller than 2bcm for full exchange 
couplingg with the hard phase. By using the magnetic parameters available 
forr Nd2Fei4B and Fe3B, the calculated critical grain size for the soft phase 
iss about 8 nm. The numerical investigations of Fischer et al.4 on realistic 
three-dimensionall  grain arrangements suggest an optimal microstructure 
consistingg of 40 vol% of small soft-magnetic grains with a diameter of 
aboutt 10 nm, embedded between hard magnetic grains with a mean grain 
diameterr of about 20 nm. Unfortunately, it is very difficult to control the 
grainn size to have this value during the manufacturing process. However, 
thee exchange-coupling length, or the critical grain size 2bcm, can be 
increasedd by reducing Kk. One possibility is to substitute Sm for Nd in the 
componentt Nd2Fei4B in order to reduce the magnetocrystalline anisotropy 
off  the Nd2Fei4B phase because the Sm-sublattice anisotropy in Sm2Fei4B 
hass a sign opposite to the Nd anisotropy in Nd2Fei4B.5 It should be noted 
thatt reduction of the anisotropy of the hard-magnetic phase may affect the 
energyy product. As wil l be shown below, it can cause an increase of the 
remanencee or the rectangularity of the demagnetization curve, i.e. it may 
increasee the energy product. On the other hand, it may decrease the 
coercivity,, which will limit the increase of the energy product and may 
evenn cause a reduction of it. 

Inn this chapter, we focus on two problems. One is the effect of the 
grainn size of the soft phase on the exchange coupling. We have chosen 
NcU.0Fe77.5BB 18.5 as a typical starting composition to produce 
Nd2Fei4B/Fe3B-typee nanocomposite magnets.6,7 By heat treatment at 
differentt annealing temperatures, different grain sizes can be obtained. 
Anotherr problem is the effect of the magnetocrystalline anisotropy of the 
hard-magneticc phase on the exchange coupling. Based on the study of the 
firstt problem, we have substituted Sm for Nd, retaining the same overall 
compositionn to only reduce magnetocrystalline anisotropy of the hard-
magneticc phase. 

http://NcU.0Fe77.5B
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4.22 Experimental 

Ass starting ingots we used Nd4-xSmxFe 77.5B18.5 with x = 0.0, 0.1, 
0.2,, 0.3, 0.4 and 0.5. The ingots were prepared by induction melting under 
purifiedd Ar as protection. The resulting alloys were rapidly solidified into 
ribbonss in a high-purity argon atmosphere by melt spinning onto a copper 
rollerr having a wheel velocity of 40 m/s in order to produce amorphous 
ribbons.. Differential thermal analysis (DTA) measurements were carried 
outt on the as-spun ribbons to find the crystallization temperature. The as-
spunn ribbons were sealed in quartz tubes and then subjected to vacuum 
annealingg at 600-800 °C for 5 min, and subsequently quenched into water. 
Thee melt-spun ribbons were characterized by X-ray diffraction (XRD) with 
Cuu Ka radiation and measurement of the ac susceptibility as a function of 
temperature. . 

Thee magnetic properties of the annealed ribbons were measured in a 
SQUIDD magnetometer in fields up to 5 T at 300 K. Because the field was 
appliedd along the length direction of the ribbons, the demagnetizing factor 
cann be disregarded. The grain size in the ribbons annealed at different 
temperaturess was derived from the broadening of the XRD peaks and 
incidentallyy also determined by transmission electron microscopy (TEM). 

4.33 Results and discussion 

4.3.11 Effect of the grain size on the exchange coupling in 
nanocompositee Nd4Fe77.5Bi8.5 ribbons 

1.. Formation of the two-phase ribbons 

Figuree 4.1 shows the powder XRD of the as-spun ribbons. The 
absencee of sharp reflections indicates that the as-spun ribbons melt-spun at 
400 m/s are, at least partially, amorphous. 

Thee DTA trace of the as-spun ribbons exhibits two sharp 
exothermicc peaks, at 584 °C and 651 °C (see Fig 4.2). For the nominal 
Nd4.0Fe77.5BB 18.5 composition, the Fe3B phase should be present for about 66 
att % and the Nd2Fei4B phase for about 34 at %. Therefore, the higher 
exothermicc peak should correspond to the crystallization temperature of the 
Fe3BB phase and the lower one to the crystallization temperature of the 
Nd2Fei4BB phase. 

http://Nd4.0Fe77.5B
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Figuree 4.1. X-ray-diffraction patterns of as-spun Nd4Fe77 5B18 5 ribbon. 
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Figuree 4.2. DTA of as-spun Nd4Fe77.5Big.5 ribbon. 

Inn order to obtain two-phase (NdiFenB/FesB) nanocomposite 
ribbons,ribbons, the as-spun ribbons were annealed at 670-760 °C for 5 min. Figure 
4.33 shows the powder XRD patterns for Nd4Fe77.5Bi8.5 ribbon annealed at 
differentt temperatures. It can be seen that after annealing above 670 °C, 
Fe3BB is the main phase with the reflections marked by the rhombs. 
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Nd2Fei4BB and a small amount of a-Fe, marked by the circle, can also be 
identifiedd in the XRD patterns. The intensity of the Nd2Fei4B-phase 
reflectionss is too weak to derive the grain size. Therefore, only the mean 
grainn size of the Fe3B phase was determined by using the method of 
Stokes.88 The mean size increases from 16  0.4 nm after annealing at 670 
°CC to 23  0.4 nm after annealing at 760 °C. These mean grain sizes are 
bothh larger than 2bcm which equals 10 nm. Although a smaller mean grain 
sizee of Fe3B could be obtained by annealing at lower temperature, at these 
temperaturess the Nd2Fei4B phase has not formed perfectly or has not 
completelyy crystallized. The TEM result shows that the grain size is 
homogeneouslyy distributed (Fig. 4.4). So, the notion of mean grain size has 
aa realistic meaning. 

Figuree 4.5 shows the Xac~T curve for the sample annealed at 700 °C 
forr 5 min. The two peaks, at 308 °C and 515 °C, correspond to the Curie 
temperaturess of the two ferromagnetic phases Nd2Fei4B and Fe3B, 
respectively.. If we compare the two peaks in the ac susceptibility, it can 
againn be concluded that FesB is the main phase. 

Inn general, the experimental results mentioned above indicate that 
two-phasee (Nd2Fei4B/Fe3B) nanocomposite alloy ribbons can be obtained 
byy annealing as-spun amorphous ribbons at 670 - 760 °C for 5 min. 
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Figuree 4.3. XRD patterns Nd4Fe77.5Bl8 5 ribbons annealed at different temperatures 
Taa for 5 min and the corresponding mean grain size Dg of Fe3B. 
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Figuree 4.4. Bright-field TEM image of Nd4Fe77.5Big.5 ribbon annealed at 730 °C for 5 
minutes. . 
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Figuree 4.5. Temperature dependence of the ac susceptibility of Nd4Fe77.5Bi 
alloyy ribbon annealed at 700 °C for 5 minutes. 
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2.. Magnetic properties 

Thee demagnetization curves corresponding to the different 
annealingg temperatures are shown in Figure 4.6. It can be seen that there is 
aa clear step near zero field in the curves of the samples annealed at 670 °C 
andd 760 °C. This means that in these two cases some parts of the soft phase 
aree not exchange coupled. In the case of the ribbons annealed at 670 °C, 
duee to an uncompleted crystallization process of the hard phase, there may 
nott yet exist a good crystallographic coherence at the phase boundaries. 
Thiss may be the reason why grains of the soft phase are not fully exchange-
coupledd to the hard phase across the boundaries. In the case of the ribbons 
annealedd at 760 °C, the grain size of Fe3B has become too large for full 
exchangee coupling. The magnetic moments in the centers of the Fe3B 
grainss can then easily be reversed by a small demagnetizing field. 

-0.44 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.44 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 
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Figuree 4.6. Demagnetization curves of Nd4Fe77.5B185 ribbons annealed at different 
temperaturess Ta for 5 minutes, and the corresponding reduced remanence Mr/Ms 

andd the mean grain sizeDg of Fe3B. 
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However,, in the samples annealed at 700 °C and 730 °C, crystallization of 
thee hard phase may have reached completion. Crystallographic coherence 
thenn exists between the Nd2Fei4B and Fe3B grains, and also the mean grain 
sizee of Fe3B is within the range of strong exchange coupling. As a result, 
thee reduced remanence mr, the coercivity jHc and the squareness of the 
demagnetizationn curves are larger than in the samples for which the 
annealingg temperatures are lower than 700 °C or higher than 730 °C. 

3.. Reversibility of the magnetization 

Thee larger reversibility of the magnetization in the second quadrant 
iss associated with smaller dissipation of magnetic energy stored in the 
magnet.. Therefore it is worthwhile to carefully study this problem for the 
purposee of practical application. The reversibility of the magnetization is 
determinedd by the recoverable magnetization Mrec (see the insert in Fig. 
4.7),, which is the change in magnetization between a given demagnetizing 
fieldfield Ht (turn field) and H = 0. A relevant quantity is the ratio Mrec/Mtot 
wheree Mtot is the total change in magnetization between zero field and a 
givenn demagnetizing field Ht (turn field). Before each measurement of Mrec 

andd Mtot, the sample was saturated in a field of 5 T. The measurements at 
eachh field Ht were taken after 60 s waiting time to avoid effects of magnetic 
viscosity. . 
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Figuree 4.7. Dependence of the reversibility of the magnetization of Nd4Fe77.5B18.5 
ribbonss on the annealing temperature. 



4.33 Results and discussion 35 5 

Figuree 4.7 shows the change of the reversibility ratio Mrec/Mtot as a 
functionn of the turn field Ht for samples annealed at different temperatures. 
AA maximum in the reversibility ratio, corresponding to less well exchange 
coupledd samples, appears in the curves of ribbons annealed at 670 °C and 
7600 °C, as discussed above. The lower reversibility ratio obtained for these 
sampless at small turn fields indicates that a larger portion of the total 
changee in magnetization is irreversible. The latter portion has to be 
attributedd to the decoupled soft phase, while most magnetic moments of the 
exchange-coupledd soft phase and hard phase are not reversed at all. Upon 
increasingg the turn field Ht, more magnetic moments of the hard phase and 
thee exchange-coupled soft phase participate in the rotation, and most of the 
latterr moment rotation is reversible. For this reason, the reversibility ratio 
increasess in the low-field section. When the turn field further increases, 
moree magnetic moments of the hard phase wil l become reversed 
irreversibly,, the exchange-coupled magnetic moments of the soft phase 
becomingg irreversibly reversed at the same time. Therefore, the 
reversibilityy ratio decreases. It is easy to understand why a larger 
reversibilityy ratio is found at small turn fields Ht for the well-exchange-
coupledd samples annealed at 700 °C and 730 °C. Due to the fact that all 
magneticc moments of the soft phase are exchange-coupled to the hard 
phase,, these moments reversed by a small turn field can be recovered 
owingg to the exchange interaction with the not reversed hard phase after 
removingg the turn field. In Fig. 4.7, the fastest decrease of the reversibility 
ratioratio is expected to occur when Ht approaches the nucleation field. It should 
bee noted that the nucleation field increases with increasing annealing 
temperature.. If the annealing temperature increases, grain growth occurs 
nott only of the soft phase, but also of the hard phase. However, the 
effectivee exchange-coupling range between the soft and the hard phases 
doess not change. In the demagnetizing process, apart from the external 
demagnetizingg field, there is then a further reversing action on the moments 
off  the hard phase that comes from the exchange coupling to the soft phase. 
Whenn the grain size of both phases is small, the influence of the reversed 
magneticc moments of the soft phase on reversing magnetic moments of the 
hardd phase will be relatively strong by exchange coupling. Therefore, the 
nucleationn field is smaller in this case. In other words, if the grain size of 
thee hard phase becomes larger, the fraction of exchange-coupled magnetic 
momentss will become smaller. Such, the nucleation field will also become 
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larger.. This may explain why the steepest part of the Mrec/Mtot curves in 
Fig.. 4.7 moves to higher demagnetizing fields. 

4.3.2.. Effect of the substitution of Sm for  Nd on the exchange coupling 

Inn order to investigate the effect of substitution of Sm for Nd on the 
exchangee coupling, samples annealed for 5 min at 760 °C were chosen first. 
Underr this condition, a relatively weak exchange coupling is observed in 
thee not substituted sample, as shown in Fig. 4.6. It means that the central 
regionn of the soft grains with a mean grain size of 22  0.6 nm is in the 
decoupledd state. The XRD results in Fig. 4.8 show that, independent of the 
Smm content, all Nd4-xSmxFe 77.5B18.5 ribbons (x = 0.0, 0.1, 0.2, 0.3, 0.4 and 
0.5)) have the same phase composition (Fe3B/Nd2Fei4B-type) and the same 
grainn size of 22  0.6 nm. Therefore, any change in exchange coupling 
shouldd be attributed to the Sm substitution. Thus, it is possible to study the 
effectss of Sm substitution on the exchange coupling in samples with the 
samee microstructure. 

Figuree 4.8. XRD patterns of Nd4-xSmxFe77.5Bi8.5 (x = 0.0, 0.1, 0.2, 0.3, 0.4 and 
0.5)) ribbons annealed for 5 min at 760 °C and the corresponding mean grain size 
D„off  Fe3B. 
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Wee mentioned already that the step in the demagnetization curve 
nearr zero field is a signature of the presence of non-exchange-coupled soft 
grains.. In Fig. 4.9, we show the DC susceptibility XDC as function of 
externall  field, being defined here as the first derivative of the 
demagnetizationn curve with respect to the external field. The peak near zero 
fieldfield can be taken as indicative of the step in the demagnetization curves 
nearr zero field. The corresponding coercivity |ioiHc and reduced remanence 
mrr are also indicated in Fig. 4.9. It can be seen that the peak height at zero 
fieldfield markedly decreases with increasing x and that the reduced remanence 
mrr increases from 0.67 to 0.73 at the same time. These changes directly 
showw that the exchange coupling is improved by Sm substitution. This is a 
directt consequence of the fact that the average value of Kk in Eq. (1) 
decreasess with increasing Sm concentration.3 It should be noted that, in 
spitee of the monotonie decrease of the magnetocrystalline anisotropy of the 
hardd phase with increasing x, a slightly higher coercivity ;HC appears for x 
== 0.1 before it eventually decreases for x > 0.3. This also can be explained 
inn terms of enhanced exchange coupling. The amount of the exchange-
coupledd soft phase increases and as a result there is an increase of the 
magnetizationn at the same demagnetizing field. This leads initially to 

--
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Figuree 4.9. Composition dependence of the DC-susceptibility of Nd4. 
xSmxFe77.5Bi8.55 (x = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5) ribbons annealed for 5 min at 
7600 °C and the corresponding coercivity |ioiHc(T) and of the reduced remanence 
mr. . 
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slightlyy higher or less reduced values of the coercivity. However, when the 
anisotropyy is reduced too much by the Sm substitution, the coercivity 
finallyy decreases. 

Figuree 4.10 shows the composition dependence of the reversibility 
ratioo of Nd4-xSmxFe 77.5B18.5 (x = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5) ribbons 
underr the same annealing condition. The reversibility ratio in the low-field 
rangee is seen to increase with increasing x. From the discussion given 
above,, this can be taken as further evidence that, upon increasing the 
amountt of Sm substituted for Nd, the range of exchange coupling extends 
towardss the soft-grain center. 
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Figuree 4.10. Composition dependence of the reversibility of the magnetization of 
Nd4_xSmxFe77.5B18.55 (x = 0.00, 0.10, 0.20, 0.30, 0.40 and 0.50) ribbons annealed for 
55 min at 760 °C. 
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Figuree 4.11. Demagnetization curves of annealed Nd4.xSmxFe77.5Bi85 ribbons 
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Fromm the results presented above, it is obvious that the substitution 
off  Sm for Nd improves the exchange coupling. Furthermore, considering 
thee well established exchange coupling in the sample annealed at 700 °C, 
thee mean grain size (18  0.3 nm) is larger than the theoretical critical size 
(100 nm).3 Perhaps, the central region of the soft grains is only weakly 
exchangee coupled. It seems reasonable to consider that the strength of the 
exchangee coupling has a gradient between strong exchange coupling and 
decoupling.. Therefore, it was expected that the exchange coupling could be 
enhancedd by substituting Sm for Nd. The demagnetization curves and 
magneticc characteristics deduced from these curves are shown in Figs. 4.11 
andd 4.12, respectively. The remanence increases slightly with increasing x 
andd then slightly decreases again (see Fig. 4.12). The coercivity first 
reachess a maximum at x = 0.1 and then decreases monotonically with 
increasingg x. The decrease of the coercivity is due to the fact that the 
magnetocrystallinee anisotropy of the hard grains decreases strongly with 
increasingg Sm content. The slightly higher coercivity at x = 0.1 may be due 
too a decrease of the exchange coupling between some of the hard grains, as 
describedd by Huo and Davies.9 On the other hand, the amount of the 
exchangee coupled soft phase increases and as a result there is an increase of 
thee magnetization at the same demagnetizing field before the 
magnetocrystallinee anisotropy of the hard phase decreases too much. This 
mayy be also another reason to find initially slightly higher or less reduced 
valuess of the coercivity. In order to achieve a high maximum energy 
product,, one needs high remanence, high coercivity and good rectangularity 
off  the demagnetization curve. Because of the counteracting effects of the 
Smm substitution, the maximum energy product first increases due to an 
increasee in remanence caused by the exchange enhancement. For larger Sm 
concentrations,, it decreases again as a result of the strong reduction of the 
coercivityy (see Fig. 4.12). One may notice that all demagnetization curves 
inn Fig. 4.11 do not show a step at zero field, which is one of the features of 
ann exchange-coupled system. Nevertheless, the absence of a step does not 
guaranteee the presence of a sufficiently strong exchange coupling. This 
kindd of curve can persist when the mean grain size is slightly larger than 
2bcm,, where the magnetic properties have already decreased due to 
weakeningg of the exchange coupling.10 So, even if a curve without step is 
alreadyy formed in samples without Sm, the magnetic properties can be 
furtherr improved by enhancing the exchange coupling. In our case, this is 
achievedd by increasing the exchange length bcm. 
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Figuree 4.12. Composition dependence of the magnetic properties of annealed Nd4. 
xSmxFe77.5Bi88 5 ribbons. 
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Figuree 4.13. Composition dependence of the area ratio defining the rectangularity 
off  hysteresis loops. 

Alll  samples studied show a remanence enhancement with values of 
M r/Mss between 0.73 and 0.77. For a more clear assessment of the exchange-
couplingg enhancement, one may evaluate the rectangularity of the 
demagnetizationn curves. A direct evaluation is to calculate the area ratio, 
whichh is defined as the ratio of the area (Si) below the demagnetization 
curvee in the second quadrant to the product of coercivity and remanence. It 
iss shown in Fig. 4.13 that the samples with larger x have higher area ratios 
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andd hence a better rectangularity of their demagnetization curves. 
Consequently,, the corresponding normalized maximum energy product also 
monotonicallyy increases with increasing x. It is reasonable to ascribe this 
increasee to an improvement of the exchange enhancement upon decreasing 
anisotropy.. Although the coercivities of the samples with larger x decrease 
beloww the values of interest for application, the results are still valuable for 
understandingg the mechanism of the exchange enhancement. 

Besidess substitution of R elements, another way to effectively 
changee the anisotropy is to vary the temperature. In Nd2Fei4B, the 
anisotropyy constant increases monotonically with decreasing temperature in 
thee range from 300 to 180 K.11 Therefore the correlation length 2bcm of 
Fe3BB in Nd2Fei4B/Fe3B nanocomposite also changes from 8 nm at 300 K to 
66 nm at 180 K. The compound Nd3.8Smo.2Fe77.5Bi8.5 has been selected for 
magneticc measurements at varying temperatures in fields up to 5 T since 
thee largest energy product at room temperature was obtained on this 
sample.. Since the saturation magnetization increases significantly with 
decreasingg temperature, it is reasonable to check the change of the 
rectangularityy at different temperatures instead of the energy product. As is 
shownn in Fig. 4.14, the rectangularity decreases with decreasing 
temperature.. This indicates a decrease in rectangularity with increasing 
anisotropy. . 
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Figuree 4.14. Temperature dependence of the area ratio of Nd38 Sm0.2Fe77.5Bi8.5 
ribbons.. The dotted line is a linear fit to the experimental data. 
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Figuree 4.15. Temperature dependence of the recoverable magnetization of Nd3.8 
Srrio.2Fe77.5BB 18.5 ribbons. 

Forr further understanding of the exchange-spring magnet behavior, 
thee reversibility ratio was also measured. The ratio of the recoverable 
magnetizationn (Mrec) to the total magnetization (Mtot) is plotted with respect 
too Ht in Fig. 4.15. This ratio increases with decreasing temperature. Since 
thee recoverable magnetization corresponds not only to the magnetic 
momentss of the soft-magnetic phase, but also to those of the hard-magnetic 
phase.. When the temperature decreases, for the hard magnetic phase the 
nucleationn field Hn increases, and the amount of reversible rotating 
magnetizationn at the same demagnetizing field also increases. Therefore, 
thee larger ratio at lower temperature can be ascribed to the increase of the 
amountt of reversible rotating magnetization of the hard magnetic phase. It 
iss known ' that in a less well-coupled two-phase magnet, there exists a 
significantt difference between the nucleation field Hn, which identifies the 
mostt amount of the irreversible magnetization reversal associated with the 
hard-magneticc phase, and the coercivity Hc, which is defined as the field 
satisfyingg M(H) = 0. Due to the fact that the nucleation field is different for 
differentlyy oriented grains in the present isotropic sample, the nucleation 
fieldfield should be defined as the field at which the decrease of the recoverable 
partt becomes very pronounced. It can be determined from the location of 
thee maximum of the first derivative of the recoverable magnetization with 
respectt to the external field. The values of Hn and Hc as well as (H„  - Hc) 

http://Srrio.2Fe77.5B
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obtainedd at various temperatures have been listed in Table 1. One can see 
thatt the difference between the nucleation field and the coercivity increases 
withh decreasing temperature. From these results, one may draw the same 
conclusion,, as mentioned already above, that a smaller anisotropy of the 
hard-magneticc phase favors stronger exchange coupling. On the contrary, 
increasingg magnetic anisotropy of hard-magnetic phase can results in the 
weakeningg of exchange coupling. Similar results on NdFeB and PrFeB 
systemss were reported by David and Givord. 

Tablee I. Nucleation field and coercivity and their differences measured at 
differentt temperatures on Nd3.8Sm0.2Fe77.5B18.5 ribbons. 

T T 

Hn n 

Hc c 

(Hn-Hc)/Hn n 

2000 K 

0.3733 T 

0.3422 T 

8.33 % 

2255 K 

0.3400 T 

0.3211 T 

5.66 % 

2500 K 

0.3099 T 

0.2955 T 

4.55 % 

2755 K 

0.2800 T 

0.2700 T 

3.66 % 

3000 K 

0.2466 T 

0.2422 T 

1.6% % 

4.44 Conclusions 

Fourr kinds of experimental methods have been used to qualitatively 
describee the degree of exchange coupling: 
1.. In the curve of the DC susceptibility XDC as function of external field, 

ass determined from the first derivative of the demagnetization curve 
withh respect to the external field, the magnitude of the peak near zero 
fieldd can be taken as indicative of the degree of decoupling of the 
centrall  region of the soft grains. 

2.. The curve of the reversibility ratio (Mrev/Mtot) versus turn field Ht can 
moree completely reveal several features of a spring magnet, such as 
thee degree of exchange coupling of the soft-magnetic grains to the 
hard-magneticc grains and the effect of anisotropy on the latter 
exchangee coupling. 

3.. The rectangularity of the demagnetization curve is also related to the 
degreee of exchange coupling in two-phase nanocomposite magnets. 
Forr strongly exchange-coupled two-phase magnets, the rectangularity 
shouldd be higher. 
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4.. The relative difference of the nucleation field Hn and the coercivity 
Hc,, (Hn -Hc)/ Hn, is a measure of the degree of exchange coupling. For 
aa fully exchange-coupled system, the difference should be close to 
zero. . 

Itt has been shown experimentally that most of the magnetic 
momentss of the soft-magnetic phase Fe3B can be coupled by the hard-
magneticc phase Nd2Fei4B when the grain size is about 20 nm. When the 
grainn size of the soft phase is larger than this value, some of the moments 
off  the Fe3B phase become decoupled, leading to a lower reversibility of the 
magnetizationn in low demagnetizing fields. The lower degree of exchange 
couplingg can be improved by substituting Sm for Nd. This is attributed to 
ann extension of the range of the exchange coupling by reducing the 
anisotropyy of the Nd2Fei4B hard-magnetic phase. For relatively low Sm 
substitution,, all hard-magnetic properties become enhanced, not only the 
reducedd remanence, but also the coercivity. Therefore, it is possible to 
reachh optimal magnetic properties in two-phase nanocomposite magnets by 
properlyy adjusting the anisotropy of the hard-magnetic phase. 
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