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Chapterr  6 

Orderin gg transformation and 
magneticc properties of 
Fe59.75Pt39.5Nbo.755 bulk alloy 

6.11 Introductio n 

Thee permanent-magnet properties of equiatomic FePt, FePd and 
CoPtt alloys have been previously investigated in detail.1"7 From the 
correspondingg phase diagrams, for example, the Fe-Pt phase diagram 
shownn in Fig. 6.1,8 it can be seen that there is an order-disorder 
transformationn around the equiatomic concentration. The atomically 
disorderedd Al phase is a soft-magnetic phase with a face-centered-cubic 
(fee)) structure. The ordered CuAu I-type Ll 0 phase is a hard-magnetic 
phasee with a face-centered-tetragonal (fct) superstructure, with the easy 
magnetizationn direction along the c-axis. This phase has a high uniaxial 
magnetocrystallinee anisotropy (7xl07 J/m3).9 Permanent-magnet properties 
cann be obtained by annealing the alloys at temperatures sufficiently below 
thee fec-fet transformation temperature after quenching from temperatures 
abovee the transformation temperature. The phase transformation proceeds 
byy means of nucleation and growth starting at different locations in the 
disorderedd matrix phase. Particularly, the degree of order of the Ll 0 (fct) 
phasee is lower at the initial formation stage. The order gradually increases 
withh increasing annealing temperature or annealing time. Most of the 
ordered-phasee regions emerge as twins along two sides of the {110}  planes 
forr releasing the strain energy.5,6,7 Coalescence of the ordered regions 
duringg the growth process invariably leads to the occurrence of a large 
numberr of antiphase boundaries and twin bands. The maximum coercivity 
occurss when the disordered phase has disappeared and the mean grain size 
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70 0 Chapterr 6 Fe-Pt-Nb bulk alloy 

off  the ordered phase is about 20 nm. However, complete atomic ordering of 
thee fct phase has still not been reached in this case. Zhang et al. have 
proposedd a domain-wall-pinning model as mechanism for the 
magnetizationn reversal. Hadjipanayis et al.5 and Xiao et al. have discussed 
thee occurrence of remanence enhancement in this system. Watanabe has 
foundd that magnetic properties superior to those of the binary Fe-Pt alloys 
cann be obtained in Fe-Pt alloys containing small amounts of niobium which 
leadd to better control of the heat treatment. Due to the fact that Fe-Pt 
permanentt magnets have excellent corrosion resistance, they have been 
appliedd in medical implants. Recently, the suitability of Fe-Pt and Co-Pt 
filmss for high-density recording materials has also been investigated. The 
presentt work is aimed at reaching a deeper understanding of the effect of 
remanencee enhancement of the Fe59.75Pt39.5Nbo.75 bulk alloy by investigating 
thee composition of the participating phases, the microstructure and the 
changess of the magnetic properties associated with the disorder-order 
transformation. . 
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Figure.. 6.1 Fe-Pt binary phase diagram. 
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6.22 Experimental 71 

6.22 Experimental 

Alloyy ingots of composition Fe59.75Pt39.5Nbo.75 were prepared from 
99.99%% purity iron and platinum and 99.85 purity niobium by arc melting 
inn an atmosphere of purified argon. The as-arc-melted alloy was cast in the 
formm of a thin cylinder. In order to obtain an area large enough for X-ray 
diffractionn (XRD), the cylinder was pressed into a plate of about 400 um 
thickness,, 3 mm wide and 10 mm long. The sample was vacuum sealed in a 
quartzz tube, homogenized at different temperatures in the range of 800 °C -
13500 °C for 3 hours and then cooled down to room temperature. In order to 
studyy the effect of the quench rate on the transformation, three quench rates 
weree chosen. In the first case, the sample was quickly quenched by 
breakingbreaking the quartz tube in stirred ice water (rate 1, QR1). In the second 
case,, the sample was quenched in stirred ice water without breaking the 
quartzz tube (rate 2, QR2). In the third case, the sample was cooled in air 
(ratee 3, QR3). Subsequently, the as-quenched samples were annealed at 
5800 °C for different times (1 - 400 h). The analysis of the crystal structure 
andd the phase composition was carried out by using XRD with Cu Ka 
radiationn and transmission electron microscopy (TEM) (Philips EM400T). 
Thee mean grain (ordered region) size Dg was derived from the peak 
broadeningg of the XRD lines using Scherrer's formula. Phase analysis was 
alsoo carried out by measuring the alternating current (ac) susceptibility 
fromm room temperature to 450 °C, using the difference in Curie temperature 
off  the various magnetic phases. An alternating magnetic field of 1.98 x 10"6 

TT was applied along the length direction of the plate-like samples. The 
measurementss of the main magnetic properties were performed at 300 K in 
aa SQUID magnetometer using fields up to 5 T. Because the field was 
appliedd along the length direction of the plate-like samples, the 
demagnetizingg factors were disregarded. 

6.33 Results and discussion 

6.3.11 Effect of homogenizing temperatures and cooling rates 

1.. Phase transformation 
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72 2 Chapterr 6 Fe-Pt-Nb bulk alloy 

Fig.. 6.2 (a) and (b) show the XRD pattern and the temperature 
dependencee of the ac susceptibility of the as-cast sample, respectively. The 
singlee Al (fee) phase had formed in the as-cast sample because the 
quenchingg rate associated with arc casting is fairly high. The mean grain 
sizee is about 14 nm. The Curie temperature of the disordered Al (fee) 
phasee is 306 °C. 
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Figuree 6.2. XRD pattern (a) and temperature dependence of the ac susceptibility 
(b)) of the as-cast Fe59.75Pt39.5Nbo.75 sample. 
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Itt should be noted that the Fe59.75Pt39.5Nbo.75 alloy has an off-
stoichiometricc composition. Its Fe content is higher than in FePt and lower 
thann in Fe3Pt. The Curie temperature of its disordered Al phase will be 
differentt from that of the corresponding disordered A1 phases of FePt and 
Fe3Pt.. Using a mean-field model, the Curie temperature can be expressed in 
termss of the ferromagnetic exchange interaction as 

TCC = ZTTJTTST(ST+ l)/3k (1) 

Heree ZTT is the number of nearest-neighbor T atoms of a given T atom, JTT 
iss the T-T exchange-interaction parameter, ST is the spin momentum of the 
TT atom and k is the Boltzmann constant. The Curie temperature of the 
Fe59.75Pt39.5Nbo.755 alloy depends not only on the number of the nearest-
neighborr Fe atoms of an Fe atom, but via JTT also on the nearest-neighbor 
Fe-Fee distance. Therefore, in a disorder-order transformation process, the 
relativee degrees of short-range and long-range atomic order strongly 
determinee the Curie temperature of each phase. In the disordered Al phase, 
bothh degrees of order are very low. When the disorder-order transformation 
proceeds,, both degrees of order increase in different ways. However, both 
degreess of order become equal to one in the ideally ordered and 
stoichiometricc Llo phase. It means that all nearest-neighbor atoms of a Fe 
atomm will then be Pt atoms and the Fe sublattice will be completely 
occupiedd by Fe atoms and the Pt sublattice by Pt atoms. Due to the fact that 
thee lattice parameters a and b expand and c is reduced in the Llo phase, the 
averagee Fe-Fe distance in the fct phase is slightly larger than in the Al 
phase.. This increased Fe-Fe distance and, more importantly, the change in 
symmetryy will strongly reduce the 3d-band width and increase the spin-up 
andd spin-down densities of states. This leads to an increase in the difference 
betweenn the number of spin-up and spin-down electrons. This is why the 
Curiee temperature of the Llo phase is higher than that of the Al phase, in 
spitee of the decrease of the number ZFeFe of nearest-neighbor Fe atoms of a 
givenn Fe atom from an average of six in the former phase to four in the 
latterr (see Chapter 5). 

Figuress 6.3 (a) and (b) show the XRD results and the temperature 
dependencee of the ac-susceptibility of the samples quenched with the 
highestt rate (QR1) after homogenizing at 1350°C - 800 °C. It can be seen 
thatt only the (001) superstructure reflection belonging to the ordered Llo 
phasee appears for the samples homogenized in the range 1350 °C-1250 °C. 
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Besides,, also the reflection (002) of this phase appears. This indicates that 
thee ordered phase has been formed when quenching with rate 1. But the 
degreee of long-range order is fairly low. The increase of long-range order 
enhancess only the (001) reflection. In the homogenization range of 1200 °C 
-- 1050 °C, the superstructure reflections (110), (201) and (112) also appear 
besidess the (001) reflection. This means that the degree of long-range order 
off  the ordered phase further increases when the homogenization 
temperaturee is decreased. In contrast to the results found for the 1350 °C-
12500 °C range, also the (200) reflection of the Ll 0 phase appears, in 
additionn to the (002) reflection. In the temperature dependence of the ac-
susceptibilityy (Xac), measured on the sample obtained after homogenizing at 
temperaturess from 1350 °C to 105O°C, (see Fig. 6.3(b)), only one Curie 
temperaturee Tc appears. This Curie temperature is slightly lower than the 
Curiee temperature of the Al phase (306 °C, see Fig. 6.2(b)). From the 
discussionn above, this could mean that the degree of short-range order of 
thee main Al phase of the sample quenched with rate 1 from 1300 °C is 
slightlyy larger than of the as-cast sample, so that the number of the nearest-
neighborr Fe atoms of a given Fe atom is lower. On the other hand, the 
degreee of long-rang order is still fairly low in this case. When the 
homogenizationn temperature is lower, 950 °C, all of the superstructure 
reflectionss appear and the reflections corresponding to the disordered Al 
phasee almost disappear. The ordered Ll 0 (fct) phase can be identified from 
thee apparent splitting of the (200) and (002) reflections, originating from 
thee (200) reflection of the Al phase. The data shown in Fig 6.3(a) make it 
clearr that the Ll 0 phase becomes the main phase in the 950 °C diagram. 
Thiss diagram also shows that there is still some residual Al phase present 
inn the sample. There are three Curie temperatures in the corresponding %ac -
TT curve. The lowest Tc (= 271 °C) should correspond to the disordered Al 
matrixx phase with slightly increased short-range atomic order but without 
long-rangee atomic order. The highest Tc (= 383 °C) should correspond to 
thee Ll 0 (fct) phase. The middle one (Tc = 331 °C) is considered to 
correspondd to a phase between the disordered Al phase and ordered Ll 0 

phase.. This will be discussed later. The XRD diagram and the Xac-T curve 
showw that only the ordered L] () phase exists when the homogenization 
temperaturee is 800 °C. 
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Figuree 6.3. XRD patterns (a) and the temperature dependence of the ac-
susceptibilityy (b) of Fe59.75Pt39.5Nbo.75 samples obtained with quenching rate 
1(QR1)) after homogenizing at different temperatures. 
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Here,, it should be emphasized that the Hopkinson effect appearing 
ass a cusp in the lower two Xac-T curves is an effective means to 
qualitativelyy estimate the presence of magnetocrystalline anisotropy. The 
Hopkinsonn effect is a phenomenon in which the permeability u or 
susceptibilityy % of a ferromagnetic material, measured as a function of 
temperaturee at low field strength, reaches a maximum at a temperature 
slightlyy below the Curie temperature. In fact, it indicates that the strongly 
temperature-dependentt magnetocrystalline anisotropy of a hard-magnetic 
materiall  will lead to a sudden decrease of the susceptibility when the 
temperaturee is sufficiently below the Curie temperature. The Hopkinson 
peakk is not expected to appear for soft-magnetic materials with very low 
magnetocystallinee anisotropy. From Figs. 6.2(b) and 6.3(b), it can be 
inferredd that the disordered Al (fee) phase is a soft-magnetic phase and that 
thee ordered Llo (fct) phase is a hard-magnetic phase. 

Thee time required for atomic ordering in an alloy is determined by 
atomicc movements, i.e. by diffusion. In the case of atomic ordering, unlike 
inn precipitation and decomposition processes, no large concentration 
differencess are necessary to transport material over large distances. On the 
contrary,, it is here more a question of atomic interchange between 
neighboringg sublattice sites. Preferential occupation of specific sites by one 
atomicc species can start via a nucleation and growth process or uniformly 
andd continuously in the whole alloy. It is plausible that the quenching rate 
cann strongly affect the structure, microstructure and the degree of order of 
thee final phases for such a high disorder-order transition temperature as in 
thee Fe-Pt alloy system. Figures 6.4(a) and (b) show results of XRD and the 
temperaturee dependence of ac-susceptibility of the samples quenched with 
ratee 2 (QR2) after homogenization at 1350 °C-800 °C. It can be seen that, 
afterr homogenization in the range 1350 °C-1100 °C, the very weak and 
broadenedd (100), (110), (201) and (112) superstructure reflections appear. 
Onn the other hand, there is no splitting of the (200), (220) and (311) 
reflectionss belonging to the cubic phase and these reflections are still 
strong.. The mean size of the ordered regions is about 4 nm, which was 
derivedd from the width of the superstructure reflections. The observation of 
thee superstructure reflections indicates that there is a tendency of the Fe 
atomss in the present off-stoichiometric alloy to occupy preferentially the 
face-centeredd positions in the initial ordering stage, as in the ordered Ll 2 

cubicc crystal structure. From the JCac-T curve corresponding to the sample 
homogenizedd at 1350 °C (Fig. 6.4(b)), it can be seen that there are two 
nearbyy Hopkinson peaks. These should correspond to two ordered 
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Figuree 6.4. XRD patterns (a) and temperature dependence of ac-susceptibility (b) 
off  Fe59.75Pt39.5Nbo.75 samples obtained with quenching rate 2 (QR2) after 
homogenizingg at different temperatures 
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cubicc phases with different degrees of long-range order. The phase with the 
higherr Curie temperature should possess the higher degree of long-range 
order.. From Fig. 6.4(b), it can be seen that when the homogenization 
temperaturee decreases, the Hopkinson peak with higher Curie temperature 
movess to another Hopkinson peak with lower Curie temperature. When the 
homogenizationn temperature is 1100 °C, only one Hopkinson peak (Tc = 
3333 °C) appears. By inspecting the corresponding XRD pattern, this 
Hopkinsonn peak should be identified with the main phase of an ordered 
cubicc structure with a low degree of long-range order. However, it is fairly 
differentt from the disordered cubic phase without the Hopkinson peak as 
shownn in Figs. 6.2(b) and 6.3(b). This result means that a very high 
nucleationn rate can be obtained under this heat-treatment condition and at 
thiss cooling rate, so that the most disordered matrix phase transforms into a 
largee amount of fine ordered nuclei with a fairly low degree of order. 
Moreover,, considering this state, the ordering transformation has 
progressedd further when the homogenization temperature is taken higher, 
fromm 1100°C to 1350 °C. Under these circumstances, the samples have a 
longerr time for ordering during the cooling process at quenching rate 2. 
Sincee there are concentration fluctuations, some parts with compositions 
nearr to FePt become more easily ordered and phase separation into the fct 
phasee can take place. In the remaining part, the transformation occurs with 
aa lower ordering rate at the same time. More details were derived from 
observationss with an optical microscope and by TEM performed on the 
samplee homogenized at 1350 °C for 3 hours and then cooled at quenching 
ratee 2. Figure 6.5(a) shows the microscope picture taken of the sample 
surface.. The grain boundaries of the original disordered matrix phase can 
bee clearly seen. It indicates that the micro structure is nearly isotropic for 
thee grains of the original fee phase, and that the grain size of most grains is 
largerr than 50 urn. Figure 6.5(b) shows the diffraction pattern taken from 
thee [211] zone axis. Splitting and streaking of the spots is observed. Figure 
6.5(c)) shows the corresponding bright-field image. Fringes parallel to the 
(1-10)) plane are also observed. This indicates that lamellae in the 
microstructuree may have formed. This feature can be explained by 
anisotropicc strain fields. Since the fec-fet transformation produces lattice 
deformation,, i.e. the c-axis is contracted and the a-axis and b-axis are 
expanded,, an anisotropic strain field is produced. Due to the fact that the 
{110}}  planes have minimum strain energy, the fec-fet 
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transformationn easily takes place along these planes, 
featuress will be continued. 

Thee study on these 

Figuree 6.5. Microstructure observed by optical microscopy (a), TEM diffraction 
patternn along the [211] direction (b) and corresponding bright-field image (c) of a 
Fe59.75Pt395Nbo.755 sample homogenized at 1350 °C for 3 hours and quenched at 
ratee 2 (QR2). 
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Forr a homogenization temperature of 950 °C, the XRD pattern and 
thee Xac-T curve show again three phases as in Fig. 6.3. The phase with the 
highestt Curie temperature is the ordered Llo (fct) phase with a mean 
particlee size of about 80 nm. The lowest Curie temperature corresponds to 
thee disordered Al matrix phase. Besides, we also note that a small amount 
off  the Ll 2 phase (Tc = 329 °C) has still remained in this state as the third 
phasee in the 950 °C trace. Combination of this result and that in Fig. 6.3 
suggestss that the homogenization temperature of 950 °C is just around the 
transformationn temperature of the present alloy, and that the phase 
separationn into the ordered fct phase from the disordered fee matrix phase 
alreadyy mainly has taken place during the homogenization by a mechanism 
off  nucleation and growth. This result is very different from that obtained 
withh a homogenization temperature above 1100 °C followed by cooling at 
quenchingg rate 2 as described above. In that case, the phase ordering 
transformationn takes place during the cooling process. In Fig. 6.4, as in Fig. 
6.3,, only the ordered Llo (fct) phase exists for a homogenization 
temperaturee of 800 °C. This means that the ordering transformation has 
alreadyy reached completion during the homogenization and that a fairly 
largee mean size of the ordered regions is reached. This state is beyond our 
interest. . 

Figuress 6.6 (a) and (b) show the XRD patterns and the temperature 
dependencee of the ac-susceptibility of the samples prepared with quenching 
ratee 3(QR3) after homogenizing at 1300 °C - 850 °C. It is evident that 
quenchingg rate 3 is much lower than quenching rate 2. From Figs. 6.5(a) 
andd (b), it can be seen that only the ordered Llo phase can be identified in 
thee homogenization temperature range 1300 °C - 1100 °C. Accordingly, the 
(200),, (220) and (311) reflections have split and all superstructure 
reflectionss are present. But, the (200)-(002), (220)-(202) and (311)-(113) 
splittingss are smaller than in the more perfect ordered Llo phase obtained 
byy homogenization at 850 °C. It means that this phase is a defect ordered 
Ll 00 phase (c/a ~ 0.981), which can be arranged between the ordered LI2 
(fee)) phase (c/a = 1) and the more perfectly ordered Ll 0 (fct) phase (c/a ~ 
0.969).. The mean size of the ordered regions is about 9 nm for this range of 
homogenizationn temperatures, which was derived from the width of the 
superstructuree reflections. The TEM observations were performed on the 
samplee homogenized at 1300 °C for 3 hours and then cooled at quenching 
ratee 3. Figure 6.7(a) shows the diffraction pattern taken from the [100] zone 
axis,, and Fig. 6.7(b) shows the corresponding ordered bright-field image. In 
Fig.. 6.7(b), fringes of about 10 nm width parallel to the (1-10) plane are 
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observed.. It indicates that there may exist a microstructure with fine 
lamellae.. A further study of this feature is in progress. 
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Figuree 6.6. XRD patterns (a) and temperature dependence of the ac-susceptibility 
(b)) of Fe59.75Pt39.5Nbo.75 samples obtained with quenching rate 3 (QR3) after 
homogenizationn at different temperatures. 
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(a)) (b) 
Figuree 6.7. TEM diffraction pattern along the [100] direction (a) and 
correspondingg bright-field image (b) of a Fe59.75Pt39.5Nbo.75 sample homogenized 
att 1300 °C for 3 hours and quenched at rate 3 (QR3). 

Inn the two remaining cases (950 °C and 850 °C), the reflection 
correspondss to the ordered Ll 0 phase with larger mean size of the ordered 
regions.. In the case of homogenization at 950 °C (see Figs 6.6(a) and (b)), a 
veryy small amount of the disordered Alphase (Tc = 306 °C) has remained in 
additionn to the main phase of the Ll 0 type (Tc = 390 °C). At a 
homogenizationn temperature of 850 °C, only the latter phase (Tc = 390 °C) 
iss formed. 

Inn general, the disorder-order transformation of the off-
stoichiomitricc Fe59.75Pt39.5Nbo.75 bulk alloy is a fairly complex process. 
Differentt phases with different structures and/or the different degrees on 
long-rangee and short-range order can be obtained at different 
homogenizationn temperatures and quenching rates. Generally speaking, 
duringg the process from disorder to order, the free energy will become 
reducedd and the structure will change from higher symmetry with a 
relativelyy low degree of order to lower symmetry with a higher degree of 
order.. It should be emphasized that, due to the off-stoichiometric 
compositionn of the Fe59.75Pt39.5Nbo.75 alloy, it may be difficult to obtain a 
single-phasee sample with perfect Llo(fct) order as in the stoichiometric 
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FePtt alloy because the extra Fe atoms have to occupy some of the Pt 
positionss in the basal plane of the LI o unit cell which results in a larger c/a 
thann that in the perfect L10 phase (c/a = 0.966)12. 

2.. Hard-magnetic properties 

Inn order to observe the effect of the phase transformation on the 
magneticc hardening process, the magnetic properties were measured on the 
sampless corresponding to each state mentioned above. Figs 6.8 - 6.10 show 
thee coercivities, reduced remanence, maximum energy product and the 
meann ordered-region size corresponding to the three quenching rates after 
homogenizationn at different temperatures. 
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Figuree 6.8. Effect of the homogenization temperature and quenching rate (QR1) 

onn the magnetic properties of Fe59.75Pt39.5Nbo.75 bulk alloy. : coercivity, : 

maximumm energy product, : reduced remanence, : mean ordered-region size). 

http://Fe59.75Pt39.5Nbo.75


844 Chapter 6 Fe-Pt-Nb bulk alloy 

Whenn using quenching rate 1, see Fig. 6.8, the alloy is magnetically 
softt if the homogenization temperature is above 1000 °C. When the 
homogenezationn temperature decreases below 1000 °C, the alloy becomes a 
magneticallyy hard phase of Ll0-type. But, since the transformation is not 
complete,, c/a = 0.969, and/or the mean ordered region size is too large, the 
coercivitiess and energy products are small. 
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Figuree 6.9. Effect of the homogenization temperature and quenching rate (QR2) 

onn the magnetic properties of Fe59.75Pt39.5Nbo.75 bulk alloy. : coercivity, : 

maximumm energy product, : reduced remanence, : mean ordered-region size). 

Whenn applying quenching rate 2, see Fig.6.9, and when the 
homogenizationn temperature increases from 1100°C to 1350 °C, the 
coercivityy increases from 0.029 T to 0.255 T. Under these circumstances, 
thee reduced remanence increases from 0.59 to 0.70, the energy product 
increasess from 0.75 to 7.83 MGOe, and the mean ordered region-size 
almostt does not change. According to the XRD, the Xac - T curves and the 
TEMM shown in Figs 6.4 and 6.5, the increase in the 
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coercivityy should be attributed to the further ordering transformation, so 
thatt the magnetic anisotropy field increases in some of the regions that have 
aa fairly high degree of order. The enhancement of the reduced remanence 
shouldd be ascribed to absence of growth of the mean size of the ordered 
regions,, apart from the increase in the degree of order. A strong exchange 
couplingg is produced between the nearest neighboring ordered regions of 
dimensionss of a few of nanometers. 

Ass to the samples prepared with quenching rate 3, the cooling rate is 
soo low that there is enough time for the phase transformation to proceed 
fromm fee to fct, although the fct phase is not yet fully ordered. Thus, the 
magnetocrystallinee anisotropy within the atomically ordered regions is 
ratherr high. As can be seen in Fig. 6.10, the higher nucleation rate produces 
aa microstructure with a mean ordered-region size of about 9 nm for samples 
homogenizedd above 950 °C. At lower homogenization temperatures, the 
nucleationn rate has apparently become reduced so that large particles have 
formed,, a situation that leads to low coercivities. 
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Figuree 6.10. Effect of the homogenization temperature and quenching rate (QR3) 

onn the magnetic properties of Fe59.75Pt39.5Nbo.75 bulk alloy. : coercivity, : 
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Nextt we will discuss the mechanism of magnetization reversal. It is 
welll  known that for most of the hard-magnetic phases the critical size of 
singlee domain particles is in the range of 100 to 1000 nm. In most of the 
sampless studied the mean size of the atomically ordered regions is smaller 
thann 20 nm as shown in Figs. 6.8 and 6.10, which is well below the single-
domainn size. Therefore, the magnetization reversal most likely proceeds via 
aa uniform magnetization-rotation mechanism. Since the crystallographic 
orientationss of the fairly large grains of the original disordered fee matrix 
phasee are randomly distributed in the as-quenched state, as shown in Fig. 
6.5(a),, the atomically ordered regions also have a random orientation, even 
moree so because their c-axes are oriented at random along one of the a-, b-, 
andd c-axes of a given original matrix grain. Hence, the increase in reduced 
remanencee (mr > 0.5) should be attributed to the exchange coupling 
betweenn the small nearest neighbor regions. For the samples with cubic 
mainn phase, that were homogenized at 1100°C and then cooled with 
quenchingg rate 2, the coercivity is 0.029 T. Together with the stronger 
Hopkinsonn peak appearing in the temperature dependence of the ac 
susceptibility,, as shown in Fig. 6.4(b), this once again indicates that the 
magneticc anisotropy of this phase may not be very low as in a truly soft-
magneticc phase, despite the fact that it is face centered cubic. 

6.3.22 Effect of annealing on the phase transformation and the 
magneticc properties 

Inn order to develop the hard-magnetic properties of the as-quenched 
samples,, heat treatments have to be carried out far below the transition 
temperature.. The state corresponding to the optimum hard-magnetic 
propertiess is related to the initial state and the history of the heat-treatment. 
Ass described above, when the homogenization temperature changes from 
higherr to lower and/or the cooling rate changes from high to low, different 
degreess of order in the transformed ranges and different mean particle sizes 
andd densities are obtained. Therefore, the samples homogenized at different 
temperaturess (1300°C and 1100°C) and quenched with different cooling 
ratess (QR1, QR2, and QR3) were chosen for further annealing treatment at 
loww temperatures. On the other hand, one has to consider that excessive 
growthh of the particles (ordered regions) is not favorable for hard-magnetic 
properties.. An annealing temperature of 580 °C 
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andd different annealing times were chosen, in order to make contact with 
Watanabe'ss work.11 

Inn addition to XRD and TEM, the temperature dependence of ac 
susceptibilityy is most helpful for qualitatively describing the phase 
transformationn and the resulting microstructure by comparing c/a, Tc and 
thee mean particle size. These data are indispensable for explaining the 
changee in magnetic properties. First, we will discuss results obtained with 
sampless obtained with quenching rate 1. By comparing the XRD patterns 
andd the Curie temperatures in Fig. 6.11 (homogenization at 1100°C) with 
thosee in Fig. 6.12 (homogenization at 1300 °C) it can be seen that the cubic 
phasee with low degree of order hardly remains in the former sample, when 
thee annealing time increases up to 50 hours. Furthermore, the c/a of the fct 
phasee can reach 0.966, since the degree of order of the as-quenched sample 
afterr homogenization at 1100 °C is higher than that at 1300 °C, despite the 
factt that the main phase of both is the disordered fee Al phase. On the 
otherr hand, from Figs. 6.13 and 6.14, it can be seen that the growth rate of 
thee size of the atomically ordered regions is high during the first 50 hours 
forr both cases, and that the growth rate then approaches saturation. It 
indicatess that in the initial stage of the annealing the ordered regions grow 
andd invade the disordered matrix phase. On the other hand, the degree of 
orderr of the disordered region also gradually increases at the same time. 
Eventually,, the disordered phase disappears, and the ordered regions meet 
andd form antiphase boundaries.6 However, if the growth of the ordered 
regionss is to go on, a high enough temperature has to be reached to 
overcomee the energy barrier of the antiphase boundary so that the density 
off  antiphase boundaries is reduced. The fact that the growth of the ordered 
regionss saturates means that the temperature of 580 °C is not high enough 
too overcome the energy barriers of the antiphase boundaries for coarsening 
thee ordered regions. Besides, when the growth of the ordered regions has 
saturatedd after annealing for 400 hours, the mean size of the ordered 
regionss in the samples annealed at 1100°C (47 nm) is larger than in the 
sampless annealed at 1300 °C (33 nm). It means that quenching from higher 
temperaturee results in a higher nucleation rate leading to a large number of 
smallerr ordered regions. As regards the magnetic properties, the coercivity 
increasesincreases with increasing degree of order and with decreasing amount of 
thee disordered phase. When the degree of order approaches saturation, the 
coercivityy also stops to increase. The exchange coupling between the 
variouss regions with different degree of order results in the remanence 
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Figuree 6.11. XRD patterns (a) and temperature dependence of the ac-
susceptibilityy (b) of Fe59.75Pt39.5Nbo.75 samples obtained with quenching rate 1 
(QR1)) after homogenization at 1100°C and annealing at 580 °C for different 
times. . 
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Figuree 6.12. XRD patterns (a) and temperature dependence of the ac-
susceptibilityy (b) of Fe59.75Pt395Nbo.75 samples obtained with quenching rate 1 
(QR1)) after homogenization at 1300 °C and annealing at 580 °C for different 
times. . 
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Figuree 6.13. Effect of the annealing temperature on the magnetic properties of 
Fe59.75Pt39.5Nbo.755 bulk sample obtained with quenching rate 1(QR1) after 
homogenizationn at 1100 °C and subsequent annealing at 580 °C for different times. 

:: coercivity, : maximum energy product, : reduced remanence, : mean 
ordered-regionn size). 

enhancementt (mr > 0.5). When the degree of order in the ordered regions 
increases,, their magnetic anisotropy also increases. This gives rise to a 
reductionn of the exchange length. " Moreover, when the mean particle size 
becomess larger than twice of the exchange length (which is about twice the 
magnetic-domain-walll  width) the reduced remanence mr decreases as 
shownn in Figs. 6.13 and 6.14. Thus, the maximum energy product as 
functionn of the annealing time also has a maximum value. 

Whenn we perform the annealing experiments on samples that after 
homogenizationn at 1100°C and 1300 °C were quenched with rate 2, the 
phasee transformation, the microstructure and the magnetic properties are 
somewhatt different from those obtained with quenching rate 1. In the as-
quenchedd state of samples homogenized at 1100 °C, the main phase of the 
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Figuree 6.14. Effect of the annealing temperature on the magnetic properties of 
Fe59.75Pt39.5Nbo.755 bulk sample obtained with quenching rate 1 (QR1) after 
homogenizationn at 1300 °C and subsequent annealing at 580 °C for different times. 

:: coercivity, : maximum energy product, : reduced remanence, : mean 
ordered-regionn size). 

initiall  state is not the disordered fee phase but an ordered fee phase with 
loww degree of long-range order. Although cubic, this phase already has a 
certainn anisotropy, as demonstrated by the appearance of the Hopkinson 
peakss shown in Fig. 6.15(b). The Curie temperature Tc and/or the degree of 
orderr of the main phase rapidly and continuously increases in the first 50 
hourss of annealing. A comparison of the data of Figs. 6.13 and 6.16 shows 
thatt the growth of the ordered regions is faster in the samples quenched 
withh rate 2. The XRD data in Fig. 6.15(a) show that when the annealing 
timee is longer than about 50 hours, the fct (Ll 0) phase becomes the main 
phase.. For longer annealing times, the size of the ordered regions increases 
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Figuree 6.15. XRD patterns (a) and the temperature dependence of the ac-
susceptibilityy (b) of Fe59.75Pt39.5Nbo.75 samples obtained with quenching rate 2 
(QR2)) after homogenization at 1100°C and subsequent annealing at 580 °C for 
differentt times. 
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Figuree 6.16. Effect of annealing temperature on the magnetic properties of 
Fe59.75Pt39.5Nbo.755 bulk sample obtained with quenching rate 2 (QR2) after 

homogenizationn at 1100°C and annealing at 580 °C for different times. : 

coercivity,, : maximum energy product, A: reduced remanence, : mean 
ordered-regionn size). 

onlyy slowly (Fig. 6.16). For an annealing time of 400 hours, the mean 
particlee size is about 44 nm. The process of magnetic hardening is similar 
too that described for the samples quenched from 1100 °C with rate 1. The 
effectt of annealing time on the phase transformation and the magnetic 
propertiess for the sample homogenized at 1300 °C is shown in Figs. 6.17 
andd 6.18. The broader Hopkinson peak for the as-quenched state means that 
thee distribution of the degree of order is also broader. In other words, some 
orderedd regions in the sample have a relatively low degree of order and 
somee have a relatively high degree of order. As seen in Fig. 6.17(a), if the 
annealingg time reaches 100 hours, a considerable amount of the cubic phase 
hass still remained, despite the fact that the fct (Ll 0) phase has 
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Figuree 6.17. XRD patterns (a) and temperature dependence of the ac-
susceptibilityy (b) of Fe59.75Pt39.5Nbo.75 samples obtained with quenching rate 2 
(QR2)) after homogenization at 1300 °C and annealing at 580 °C for different 
times. . 
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Figuree 6.18. Effect of annealing temperature on the magnetic properties of 
Fe59.75Pt39.5Nbo.755 bulk sample obtained with quenching rate 2 (QR2) after 
homogenizationn at 1300 °C and annealing at 580 °C for different times. : 

coercivity,, : maximum energy product, : reduced remanence, : mean 
ordered-regionn size). 

becomee the main phase. A peak value of mr = 0.74 of the reduced 
remanencee is reached in this case. Figures 6.19(a) and (b) show the TEM 
diffractionn pattern of the latter sample along the [ 100] direction and dark-
fieldfield image using the (110) superstructure spot in the [100] direction. It can 
bee seen that the ordered regions ( 1 0 - 30 nm) are uniformly distributed. 
Thee nearest-neighbor ordered regions almost meet. Definitely, the clear 
remanencee enhancement should be attributed to exchange coupling within 
thee nanocomposite microstructure. But, the matrix phase is not a soft-
magneticc phase, as mentioned already above. This means that the 
remanencee enhancement is reached here by exchange coupling of two 
magneticallymagnetically hard phases. The sample does not possess the 
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featuree of "exchange spring magnet" as the two-phase nanocomposite Nd-
Fe-BB magnet, which consists of the soft-magnetic phases Fe3B or oc-Fe 
andd the hard-magnetic phase Nd2Fei4B. Figure 6.20 shows the reversibility 
off  this type of "two-phase" nanocomposite magnet as compared with Nd-
Fe-B.. The reversibility of the magnetization is determined by the 
recoverablee magnetization M rec(see insert in Fig. 6.20), which is the change 
inn magnetization between a given demagnetizing field Ht (turn field) and H 
== 0. A relevant quantity is the reversibility Mrec/M tot, where Mtot is the total 
changee in magnetization between zero field and H,. Before each 
measurementt of M rec and M tot, the sample was saturated in a field of 5 T. 
Thee measurements at each field Ht were taken after 60 s waiting time to 
avoidd effects of magnetic viscosity. In the present Fe-Pt-Nb two-phase 
system,, the weaker anisotropy of the phases leads to an irreversible 
magnetizationn reversal already at small turn fields Ht, much lower than the 
coercivityy (0.37 T) so that a lower reversibility is obtained. 

Figuree 6.19 TEM diffraction pattern along the [100] direction (a) and the dark-
fieldfield image (b) of Fe59.75Pt39.5Nbo.75 samples obtained with quenching rate 2 
(QR2)) after homogenization at 1300 °C and annealing at 580 °C for 100 hours, by 
usingg the (110) superstructure spot in the [100] direction. 
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Figuree 6.20. Reversibility of the magnetization of a typical two-phase 
nanocompositee permanent magnetic materials 5 bulk alloy, : 
Nd4Fe77.5Bi8.55 melt-spun ribbon). 

Whenn the annealing time reaches 400 hours, the coercivity increases 
upp to 0.44 T, and the reduced remanence decreases. These changes should 
bee mainly ascribed to a increase of the degree of order of all ordered 
regions,, which results in the reduction of the effect of "two-phase" 
nanocompositee exchange coupling and an increase of the magnetic 
anisotropyy in all ordered regions. 

Figuress 6.21-6.24 show the effect of annealing time on the phase 
transformationn and the magnetic properties of samples quenched with rate 3 
(QR3)) after homogenization at 1100 °C or 1300 °C. Since the lower cooling 
ratee provides a higher nucleation rate and hence more time for the ordering 
transformationn to proceed, the quenched samples have already transformed 
intoo the fct (Llo) phase. From the splitting of the (200)-(002) reflections 
andd the corresponding c/a ratio (which are marked in the XRD patterns in 
thee top part of Figs. 6.21 and 6.23), it can be judged that the quenched 
sampless as well as the annealed samples do not consist of the perfectly 
orderedd fct phase. Inspection of the data in the lower panels of Figs. 6.21 
andd 6.23 shows that annealing leads to only a comparatively modest change 
off  the mean ordered-region size, from 10 nm after quenching to 17 nm after 
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Figuree 6.21. XRD patterns (a) and temperature dependence of the ac-
susceptibilityy (b) of Fe59.75Pt39.5Nbo.75 samples obtained with quenching rate 3 
(QR3)) after homogenization at 1300 °C and annealing at 580 °C for different 
times. . 
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Figuree 6.22. Effect of annealing temperature on the magnetic properties of 
Fe59.75Pt39.5Nbo.755 bulk sample obtained with quenching rate 3 (QR3) after 
homogenizationn at 1300 °C and annealing at 580 °C for different times. : 

coercivity,, : maximum energy product, A: reduced remanence, : mean 
ordered-regionn size). 

annealingg for 400 hours. This could indicate that the ordered regions have 
alreadyy met before the annealing. The effect of the annealing is then mainly 
thee elimination of lattice distortions and the increase of the magnetic 
anisotropyy due to further atomic ordering. The smaller size of the ordered 
regionss results in a higher remanence enhancement, mr > 0.7, and the 
increasedd anisotropy gives rise to a higher coercivity. For the sample 
homogenizedd at 1300 °C, the optimum hard-magnetic properties, |ioiHc = 
0.422 T, (ioMr = 0.96 T and (BH)max = 15.1 MGOe, are obtained after 
annealingg for 100 hours. A TEM observation was carried out on the sample 
withh the optimum hard-magnetic properties. Figures 6.25(a) and (b) show 
thee TEM diffraction in the [110] zone axis and the dark-field image using 
thee (001) superstructure spot in the [110] direction. It can be seen that most 
orderedd regions (about 10 -30 nm) have already met each other and have 
formedd antiphase boundaries, but twin bands like in the CoPt alloy system 
havee not been formed. 
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Figuree 6.23. XRD patterns (a) and temperature dependence of the ac-
susceptibilityy (b) of Fe59.75Pt39.5Nbo.75 samples obtained with quenching rate 3 
(QR3)) after homogenization at 1100°C and annealing at 580 °C for different 
times. . 

http://Fe59.75Pt39.5Nbo.75


6.44 Conclusions 101 1 

00 50 
00 50 

0.45 5 

0.40 0 
1 1 

^^ 0.35| 
tt 0.30 

"" l 
X __ 0.25< 

o o 
ii 0.20 

0.15 5 

0.10 0 

0.05 5 

0.00 0 
0.8 8 

OH OH 

»» 0.6 

s s ~-- 0.5 

2^^  „„ 
iii 4 

E"E"  0-3, 

0.2 2 

0.1 1 

0.0 0 

--

i ""  • 
11 _ 
/ • • • 
1 1 
1 1 

11 1 

i A A A 
__ -*-*""""" 
--

•• • • 

00 50 

1000 150 200 250 300 350 

,w,w  ™ 
\ .. __ 

> v v 

•• -—_______^ 

II I ) I , i j | j 1 | 1 | 

AA A 

•^^ • ' ^ ^ ^ 

1000 150 200 250 300 350 

annealingg time (hours) 

400 0 

1 1 
--

--

17 7 

15 5 
1 1 

13 3 

11 1 

-o_ _ 

--

" " 
J J 

--
- i - i 

--

9 9 

7 7 

5 5 
30 0 

k25 5 

20 0 

• • 
15 5 

10 0 

5 5 

'' u 
400 0 

,_, , DO O 

i i 
X X 

? ? O O 
O O 
^ ^ 

3 3 
CD D 

3 3 

CO O 

n n 
5' ' 
C/l l 
N ' ' 
CD D 

o o 
O O 
Q . . 
<D D 

3 3 
Q. . 
a a 
S S 
8 8 

.o o 

1 1 

Figuree 6.24. Effect of annealing temperature on the magnetic properties of 
Fe59.75Pt39.5Nbo.755 bulk sample obtained with quenching rate 3 (QR3) after 
homogenizationn at 1100°C and annealing at 580 °C for different times. : 

coercivity,, : maximum energy product, : reduced remanence, : mean 
ordered-regionn size). 

6.44 Conclusions 

Thee ordering transformation and magnetic properties in 
Fe59.75Pt39.5Nbo.755 bulk alloy have been investigated in detail by using 
differentt homogenization temperatures, different quenching rates and 
differentt subsequent low annealing temperatures and different annealing 
timess to obtain samples with different microstructures and atomically 
orderedd states. 

Thee experimental results indicate that the disorder-order 
transformationn temperature is around 950 °C. Using a higher 
homogenizationn temperature (in the range of 1100 °C-1350 °C) and a lower 
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(a)) (b) 

Figuree 6.25. The TEM diffraction pattern along the [110] direction (a) and the 
dark-fieldd image of Fe59.75Pt39.5Nbo.75 samples obtained with quenching rate 3 
(QR3)) after homogenization at 1300 °C and annealing at 580 °C for 100 hours, by 
usingg the (001) superstructure spot in the [110] direction. 

coolingg rate, such as cooling in air, one can increase the nucleation rate of 
thee ordered phase, so that a uniform microstructure of the ordered regions 
withh dimensions of 10 - 20 nm can be obtained. A uniform nanoscale 
microstructuree with a wide distribution of the degree of order can be 
obtainedd by properly controlling the quenching rate and the annealing time. 
Inn this way, a high remanence ratio (mr = 0.74) can be obtained by profiting 
fromm the nanocomposite exchange coupling between nearest-neighbor 
orderedd regions with different magnetic anisotropy. In the present off-
stoichiometricc magnetic-alloy system, the magnetic fct phase is not very 
hard-magneticc like the Nd2Fei4B phase, and the magnetic fee phase is not 
trulyy magnetically soft due to the increase of the degree of order, so that the 
sampless do not possess the features of an exchange-spring magnet as the 
iron-richh Nd-Fe-B magnets, although the exchange coupling still results in 
aa strong remanence enhancement. So far, the expected two-phase 
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nanocompositee exchange-coupling system consisting of the completely 
disorderedd Al phase and the fully ordered Llo phase has not been obtained 
inn the present work. The optimum hard-magnetic properties, jioiHc = 0.42 T, 
fioo Mr = 0.96 T and (BH)max =15.1 MGOe, are obtained for the sample 
homogenizedd at 1300 °C, cooled in air and subsequently annealed at 580 °C 
forr 100 hours. 

References s 

1.. L. Graf and A. Kussmann, Phys. Z. 36 (1935), 544. 
2.. M. Fallot, Ann. Physki, 10 (1938), 291. 
3.. H. Upson, D. Shoenberg and G.V. Stupart, J. Inst. Met. 67 (1941), 333. 
4.. A. Kussmann and G. Rittberg, Ann. Physik 7 (1950), 173. 
5.. G. Hadjipanayis and P. Gaunt, J. Appl. Phys. 50 (1979), 2358. 
6.. B. Zhang and W.A. Soffa. Phys. Stat. Sol. 131. (1992) 707. 
7.. Y. Tanaka, N. Kimura, K. Hono, K. Yasuda and T. Sakurai, J. Magn. 

Magn.. Mater. 170 (1997), 289. 
8.. T. B. Massalski, Binary Alloy Phase Diagrams, Vol 1, (1986) 1096. 
9.. B. Zhang and W.A. Soffa. Scripta Metall 30, (1994) 683. 
10.. Q.F. Xiao, P.D. Thang, E. Briick, F.R. de Boer and K.H.J. Buschow, 

Appl.. Phys. Lett. 78 (2001) 3672, 
U.K.. Watananbe, Mater. Trans., JIM. 32. No. 3 (1991), 292. 
12.. C.P. Luo and D.J. Sellmyer, IEEE Trans. Magn. 31 (1995) 2764. 
13.. E. Kneller and R. Hawig, IEEE Trans. Magn. 27 (1991) 3589. 
14.. Q.F. Xiao, T. Zhao, Z.D. Zhang, E. Briick, K.H.J. Buschow and F.R. de 

Boer,, J. Magn. Magn. Mater. 223 (2001) 215. 




