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ABSTRACT .. 
The glass formation, crystàlJ.~zatlon and magnetic propertie,s C?f 

l , 
\0 /j 

(Fel ~d )100 B (0.025:s x :S 0.25, ~ s y :s 20) have been invest1ga~tedo---x x -y y r~ _ . 
_.The ~or~hous Nd·Fe-·B a1loys vere o~talned ~,melt.sPinning. The glass 

:!.~ ... 

formation vas found possible for Nd·Pe·B,.alloys with Iron content less than , . 

87.5 at%. The thermal stabi1lty of ternary amorphous Nd-Pe-B alloys ls 

proportional to boron concentrations but strongly dependent on Nd:Fe ratio '" 

as weIl. The strong increase of the crystalli~ation tempèrature with 

Ir " 1 

addi tions of smal1 amounts of neodymium to Fe·B ls àttributed to the 

increasing difficulty of a-Fe formation upon crystallization. For seme, 

compositions the crystal11zation products include metastablë ternary 

phases. Vith Increasing Nd:Fe ratio, the increase in C~rie tem~erature of 

amorphous Nd-Pe-B alloys vith boron content is gradua11y diminished and for 

N~ ~~~ater than ~.176, even a decrease of Curie temperature with 

i'llt~~in~ boron content ls observed. The int:rinsic,coér~-ivities of the 

amorphous, Nd-Pe·B a110ys vas less than 0.018 Tesla,f~r aIl co~posltions. 

Af,ter crystallization the coercivities increased by a factor of about 50, 

sp!clal1y for alloys frëe of a-Pe. 
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• 
La vitrification, la cristallisation ainsi que les propriétés 

magnétiques des alliages de (Fe1_xNdx )100_yBy (0.025 :s X :s 0.25, 5 :s Y :s 
( 

20) ont été étudiées. Les alliages amorphes de Nd-Fe-B ont été obtenus par 

la métho'de du "me1t-spinning". La vitrification est possible pour des 

,concentrations de Fe inférieures à 87.5 at%. La stabilité thermique de ces 

alliages est proportionnelle à la concentration du bore mais dépend aussi 

au rapport Nd: Fe. La température de crista1lisation augmente fortement 

quand de petites quantités de néodyme sont ajoutées au composé Fe-B. Ce 

fait est attribué à la difficulté de formation de a-Fe. Pour certaines 

compositions les produits de cristallisation contiennent des phases 

ternaires métas tables • La température de Curie dans les alliages amorphes 

de Nd-Fe-B augmente avec la concentration du bore, cependant le taux 

d'augmentation est graduellement réduit et pour Nd:Fe supérieur à 0.176 une 

diminution de la température de Curie est observée. La coersivi té 

intrinsèque des alliages amorphes est inférieure à 0.018 Tesla pour toutes 

les compositions., Après cristallisation la coersi vité augmente 
\, 

approximativement par un facteur de 50, surtout pour les alliages ne 

contena~t pas a-Fe. 
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CRAPTIR 1. IN'l'.R.ODUCTION 

Recently there bas been an upsurge of scientific add technolQgical 

1nterest in the new power fuI Nd·Fe·B permanent magnet materials discovered 

by three independent research groups: Sagawa et al., Croat et al. and Koon 

et al. in 1983<1,2,3>. Apart from the outstanding magnetic properties of 

Nd·Fe·B magnets, they a1so have the advantage of relatively low cost of 

both materials and manufacturing. One can get a clear picture of the 

discovery of Nd·Fe-8 base permanent magnets if one makes the comparison of 

the Nd·Fe-B materials with several other magnetic materials which have been 

widely used in modern technology such as telecommunication, data 

techniques, control devices, motors as weIl as generators (see table 1.1 

<4» • 

The development of permanent magnet materials can date back to about 

the beginning of this century. Hagnetic materials giving rise to large 

hysteresis (high remanence, B , and large coercive forces, BB ; see Fig. r ,c 

1.1 (a» are commonly described as hard magnetic materials. The remanence 

B determines the flux density which remains after removal of the 
r 

magnetizing field while the coercive field BHc is a measure of the 

'-material's resistance against demagnetizing fields. One of the Most widely 

\ applied criteria for the suitability of permanent Magnet materials is the 

• maximum energy product (BH) , which is defined as the largest possible max 

value of the product of the flux denl1ty B and the cor~esponding opposing 

-
1 
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Table 1.1 Comprision of the .. gnetic properties of several 

cODlllercially avaHable permanent egnets 

.. 

., 

, 
l 

o 

", 

o 

.f 



.. 

Haterial (BB)aax Br JBe BBc Priee* 

(Um-3) (T) (kAm-1) (kAm -1) ($/J) 
) 

Ferroxdure 380 
> 

~ 

SrFel2019 28.5 0.39 275 265 1 \ 
~ 

1 . . . 
Alnieo 83.5 1.04 . 124 2 

RES 190 

SmCo5 154 0.89, 1100 668 10 
0 

-
_r - \ 

RBC 26 c 

. ., 
Sm(Co,Fe,Cu,Zr)7 215 1.08 800 796 ,8 

N eomax 35 '\ 

, .... '" 
Nd15Fen B8' 279 1.22 995 891 5 

-1986 * p riees 

, 

c 

" 



-4 Introduction 

fig. 1.1 a) Co~parlson of B versus B plots ànd J versus B plots. The 

/ 

\ 

~emanence ls Indicated by Br and Jr • The correspo~ding 

coerclve forces are represented by BBc and intrlnslc 

coer,~ive force JBc' respectively. The flux 

denslty B, polarization J and field strength B 

are related by the equation B-J + ~B. 

b) Comparison of energy product (BB) corresponding to dlfferent 

vorking polnts a,b and c on the B versus B curve: 

J 

o 

o 
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J or B (Tesla) 
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J 

----'-~----------------------------------------~~ B (A/m) 

,. B B 
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~fleid H. If the hysteresis loop for a given magnet material is known, it 

is relatively easy to determ1ne the energy product of a particular magnet 

. 
body made of this material. This may be illustrated by means of Fig. 1.1b 

where point (b) on the B-B curve represents the vorking point of a magnet 

located at a position vhere B equals ~H. The energy product corresponding 

to the point (b) is (BH)max. 

The carbon steel ~gnet vas first developed at the end of the last 

century. A substantial improvement came with the appèarance of Bonda steel 

in wh1ch - 35% of the Fe in Fe·Y-C steel was substituted by Co. However 
""",) 

the high priee of Co compared to Fe drove the scientists in.the vorld to 

explore more poverful permanent magnet materials. The goal vas reached in 
~ 

1936 vhen the well-known "riconal II vas developed. The considerable 

freedom in composition and heat treatment of this a110y system called for 

an optim1zation of its magnetic properties, vhich finally 1ed to the 

appearance of Tieonal XX in 1956. The microstructure of these 1ater 

magnets vas no longer isotropie ( as in ~ie~nal II) but anisotropie vhich 

vas realized later to be a prerequisite for achieving the nigh energy , 

products (BB) ,in modern permanent magnet materials. The favourable max 

candidates for sufficiently large magnetocrystalline anisotropies are 

rare.~arth base comp~unds with suitable uniax1al crystal structures, vhere 

this ,roperty originates from a combination of the crystal-field 

interaction of the 4f electrons of the rare·earth with the" electrostatic 

charge of the surrounding ions and the relatively strong spin-orbit 
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Introduction - 7 -

interaction of the 4f electrons. A sufficiently high magnetization and 
. 

magnetlc ordering temperature ls guaranteed by combining rare-earth 

elements with 3d transition metals. Such a compound which meets aIl these 

requirements was discovered in the mid 1960s by K. Strnat et al <5>. They 

reported that hexagonal RCo5 (R = Rare earth) compounds of'CaCu5 type 

structure have promising hard magnetic properties. The significant 

imp!ovement in permanent magnet performance was achieved by using SmCo5• As 

a matter of fact, SmCoS was the most powerful magnet material"until the 

discovery of Nd-Fe·B magnets. If the main components of SmCoS magnets had 

been cheaper ànd if there had been a reliable source of Co, the 

developement of Nd-Fe'-B magnets might not have happened or at least been 

delayed •. The 1978 shortage of Co due to political instability in Zaire 

precipitated a worldwide search for Co-free permanent magnets <6>. This 

search finally led to the discovery of a new tetragonal phase of 

/' 

Be&ides the powder m~tallurgical method, an alternate way to prepare 

the Nd·Fe-B permanent ~gnet materials is by rapid quenching • In this 

methOd, the alloy'can be rapidly ~uenched into an amorphous state and then 

crystarlized by subsequent heat treatment to obtain the optimum magnetic 

performance by controlling the microstructure. It has already been shown " 

that large coercive forces can be pttàrned Xhich develQp either directly 

during quenching or during sUbsequént crystallization <7,8,9>. The origin 

of coercive forces was attributed to the formation of metastable or' non-
> 

\ .... 

1 
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equilibrium phases in conjunction with fine1y divided microstructure, which 

under optimum conditions can approach the single-domain critica1 size 

(single-domain partic1e diameter - 150nm for melt-spun materials <2». In 

addition, the rapid quenching methods of fer the p09Sibi1ity of preparing 

metastable compounds not obtainable by either powder metallurgy or 1iquid-

phase sintering. Therefore, when these methods are used, the,chance of 

finding novel materia1s is considerably increased and improvements of hard 

magnetic properties of materials is simp1y achieved by contro11ed addition 

of se1ected e1ements to Nd-Fe-B. 

As mentioned above, when the rapid quenching methods are employed for 

preparing permanent Magnet materia1s, the al10y ls first required to be 

quenched into an amorphous state. So called amorphous metallic al10ys, 

which also have been cal1èd glassy alloys or non-crysta11ine a110ys, are 

Metal al10ys with no 'long range atomic order. 
1 

The absence of long range 

at~c order induces Many u~ique properties for amorphous materials. For 

exa~e, they behave as very soft gnetic materials; mechanica111y, they "', ~} 
1 are exceptionally hard and have extrem y high tensile strengths; and sorne 

,j of them are excellent corrosion These-unique properties have 

. 
arnorphous materia1s stimulated'a huge amount of Investigation 

since Duwez and his cowokers discovered a method of preparing amorphous 

a110ys by direct quenching from the melt in l,960's <10>. It has been 

demonstrated that Most of blnary a110ys such as the transtion metal

metalloi~ type (TH-H) and the rare-earth-transitlon Metal (RE-TH), are good 
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glass forming systems. 

50 far, although a lot of vork bas been done on the crystallographic 

'and magnetic properties of Nd-Fe-B base alloys, the glass forming abllity 

of the ternary Nd-Fe-B system and the magnetic and thermal properties of 

amorphous Nd-Fe-B a~loys have been the subjects of relatively very few 

investigations. Th~ first report of magnetic properties o~ amorphous 

iron-rare-earth-boron alloys was made by S.H. Aly et al. <11>. They 
"'". 

studied the magnetic properties of melt-spun Fe77R1SB8 amorphous alloys 

vith R = Y, La, Pr, Nd, Sm, Gd, Tb, Dy and Er in the temperature range 

4.2-800K. The magnetic ordering temperatures of these alloys were found ~o 

be in the range 360-570K and are vell below the crystallization 

temperatures. More attention to amorphous alloys in the Nd-Fe-B system was 

~ 

paid by Buschow et al. <12>. They have studied the crystallization 

behaviour of some amorphous alloys of iron-rich composition in the Nd-Fe-B 

system and found that the thermal stability of the alloys increases with 

boron concentrations, while increasin~ the neodymium concentration gives 

ri se to··a strong ini Ual inqease in the thermal stability but leads to a 

decrease at higher neodymium concentrations. The varation of thè'thermal 

stability of Nd-Fe-B amorphous alloys cannot be understood by their work. 

As we know, a controlled crystaIllzation of the melt-spun materials 

controls the microstructure and therefore is a prerequiste for the 

attainment of sufficiently large coercive forces. It is therefo~e of 

significance to understand the glassy forming ability and thermal stability 

.\ 
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of ternary Nd-Fe-B system. To avoid unnecessary grain growth of the 

Nd2Fe14B1_phase, a11 high performance magnets <2> a1ways have an off-
" 

stoichometric composition. It ls therefore necessary to determi~e the 
--::. 

nature and the ro1e of grain boundary phase o~ phases around the tetragonat 

bard magnetic phase. Crysta11ization studies of the amorphous Nd-Fe-B 

j • 

a110ys provide a direct determination of these phases and a crysta11ine 

ternary phase diagram can be estab1ished·iri t~e region of interest.~In 

addition, very 1itt1e is knoWD,about the magttetic properties of the 

amorphous Nd-Fe·B a110ys. Based on these reasons, we pur sue a systematic 

study of the formation and crystal1ization of the iron·rich corner of the . , . 
p , 

te~nary Nd·Fe·B a~orphous a110ys. 
[ 

In the next chapter, a descrip~ion of the preparation,of melt-spun 

al10~~ (Fe1_xNdx)lOO_yBy ( 0.025 :s x :s 0.25, 5 :s y :s 20 ) and experimental 

methods u$ed in this study will be given. The experimental results and 

discussions will be presented in the third chapter. The last chapter gives 

the main conclusions derived from this work. 

1 

\ 
\ 

1 

\ 
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This ~hapter'describes the experimental meth~ds used in sampl~ 

preparation a~d measurements. A detailed description. of sample preparation 

fs presented in the first section. The section for sample measurements 

includes a brief description of the various instruments used, such as 
• 1" 

differentia1 scanning ca10rimeter, (DSC), X-ray diffractometer and vibrating 

sample magnetometer (VSH). 

2.1. $upIe Preparation 
• l 

The (Fel_~Ndx)100_yBy al10ys vere prepared by induction melting 

appropriate ~ount of 99.99% pure Fe, 99.9% pure Nd and 99.9% pure B on a 

vater-coo1ed copper boat under titanium gettered argon( see Fig. 2.1 for a 

sehematic diagram). It vas found that this method can produce much cleaner 

sampI es than conventional arc-me1ting. In or der to ensure homogeneity, 
, 

each.~lloy button (about 2g ) was me1t~d up to five times. Sample mass 

los ses vere essentially less than 0.4 mg after five melts. G1assy ribbons 
ICI 

vere obtained by melt spinning under Ar at~osphere instead of He. It vas 
\ 

, 
found, experimenta1ly, that Ar àtmosphere ,increased the contact time of the 

ribbon with the wheel' because of the higher vlscosity coefficient of Ar. 

The molten a1loy was ejected b~ argon pressur_~_ through a 8ma1l orifice of 
1/ 

size 0.4 mm:at the bottom of a quartz crucible onto the surfac« of the 

Il 
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-

Pig. 2.1 A schematic digram of the vater-cooled ~opper boat 

, 
1. to rf supply power 

'2. sample 

3. cooling vater In).et 
~ 

4. vacuum pump 

5. quartz tube 

• 6. cooling vater outlet. 

7. Ar gas ~" 

8. Utanium 
~ 

9 and 10. valves 

11 and 12. pressure puge. 

13. copper boat 
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o rot'ting ateel wheel. Experimenta ahowed the quallty of rlbbon sample 

could be greatly Improved by uslng a steel wheel instead of the more common 

copper wheel, since samples with high Iron content the differential thermal 

contraction after solidification is smaller with the steel wheel than with 

the copper wheel. The tangential speed of the wheel was kept at 45 mIs. The 

glassy ribbons were typically 1-2 mm wide and 20-30 ~' thic.k. The 

brittleness of the ribbons increased with neodymium content. X-ray 

1" diffractometer scans did not show ~ny silO of crystallinÙY for most of the 

samples used in this study. Only a few a1loys with Iron content greater 
r 

than 87.5 at% Fe showed some low 1ntensity Bragg reflections characteristlc 
1 

of a partially crystalline alloy. Fig. 2.2 shows the X-ray diffraction 

pattern of a typical amorphous ribbon of the ternary Nd-Fe-B alloys • 

.. 

2.2 Measurœents 

2.2.1 DifferentiaI Scanning Calorlmeter (DSC) .:-: __ _ 

.~ 

A very essential tool for studying thermal ~roperties of metallic 
• TV 

glasses is the DSC (see Fig. 2.3 for a schematic diagram of Perkin Elmer 

DSC-Ilc). Bere the sample, enclosed in a small Al or Au pan, and an empty 

reference pan are subjected to identical thermal programmes and the 

" difference in heat flow between the two is monitored by a thermometer 

through a feedback system. The normal way to .easure the thermal 

• properties in the DSC is to heat the amorphous sample under a flow of 

/ 

1 
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Fig. 2.2 A typlcal X-ray diffraction pattern of an amorphous 

Nd-Pe-B alloy taken vith CURa radiation 
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o 
J 

Pige 2.3 'A schellaUc d1~gr811 of Perkin Blaer DSC.I~c 

1. séUlple holder 

2. reference holder 

3. resistance thermometer 

4. heater 

5. argon 1nlet 

6. argon outlet 
... 

7. a1uminum body (heat-sink) 

8. 'ther.ometer for sample and reference 

9. power supplies for sample and reference heater 

10. sample confined in aluminum pan or gold pan 

Il. reference container (empty aluminum pan or gold pan) 

.. o 
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Experimental Methods - 19 -

oxygen-free argon gas at a constant heatlng rate •. The thermogram is 

recorded via a computer. A typlca1 thermogram observed in the present 

study ls shown in Fig. 2.4. The small endothermic "kink" in the curve (a) 

is due to the magnetlc order!ng temperature. The DSe, therefore, can be 
,'- '<Y . 

used to determine the Curie temperature, Tc of magnetlc materials. The 

large exothermic peak in the curve (b) is due to the crystallization of the 

amorphous sample. . 

The dependence of the crystal11zation temperature (Tx> , defined at 

~ the peak of the exotherm, on heating rate ~ can be used to obtain an 
/ 

activation energy for crystallization. In the method proposed by Kissinger 

<13>, l~ is plotted against Tl ! the slope of the resulting stralght line 
T x x 

"gives the activation energy. Fig. 2.5 shows Kissinger plots for the 

samples containing 12.5 at% B. 

_ 2.2.2 X-ray diffraction ) 
X-ray diffraction is a vell-known technique for studying the structure 

. 
of a material. It can be used not on1y to identify the crysta1line phases 

of a110ys but also to verify the amorphous nature of the a110ys. The X-ray 

diffraction measurements vas don~ in the reflection mode vith monochro~atic 

copper KU1 radiation (wavelength 1.54056 A). Fig~ 2.6 shovs the schematic 

..... 
diagram of the X-ray diffractometer. The diffractometer used in this study 

v~s aa automated Nicolet-Stoe LIt povder diffractometer. The rlbbon 
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a). Curie temperature eurve obtained by heating the .. 
amorphous a110y at a rate of 80 IUmin 

b). crystallization exotherm at 40 Klmin 
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10 

" , 

Pig. 2.\fi Kissinger plots for alloys vith coaposition 
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~Plg~ 2.6'A schemat1c dlacr" of the !-ray dlffractoaeter 

1. !-ray tube 

2. anode . . 
., 3. X-ray source sUt 

,~ 

• 4_ samp1e ho14er and sample ~ 

5. monoèbroma tor 
\ 

6 . detector . 
7. ana11zer s11 t 
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r 

samples vere mounted on a thin glass plate using a double sided adhesive 
, 

tape. To test for amorphousness, 2e diffraction scans vére made in the . 
range 30° to 50°. The step size and exposure time vere 0.1 0 and 20 seconds 

respectively. To obtain the X-ray diffraction pattern for the 

recrystallized alloys free of textu~ing effects, the ribbon samples were 

first powdered andl2e diffraction scans vere taken in the range 25° to 70°. 

The step size and ~xposure time were 0.1° and 40 seconds respectively. A 

representative, X-ray diffraction spectrum for an a110y after 

crysta111zatlon is disp1ayed in Fig. 2.7. 

2.2.3 Vlbrating Sample magnetometer (VSM) 

Magnetlzatlon measurements were perf~ed at room temperature in a 
~ , 

Foner-type vibrating sample magnetometer (see Fig. 2.8 for a schematic 

diagram of VSM). In this technique, the sample vibrates in a vertical 

direction in a horizontal applied ne magnetic field and the AC signal 

induced by the dipole field of the sample ,in a pair of'secondary colIs 

placed on both sides of the sample is amplified and compared with a signal 

produced by a sta~dard magnet, giving rise to an output signal which is 

direct~y proportional to the magnetic moment of the sample. The sample is 

magnetized by the applied DC magnetic field of up to 1.7T. The hysteresis 

loop is plotted on the X-y recorder. The samples ( - Smg) for 

magnerization measurement vere prepared by using epoxy resin to hold the 
'v 
ribbon fragments. 
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" 

Pig. 2.7 A ,representaUve X-ray diffraeUon spectrum for the 

-
amorphous aUoy after c::.ry'stall1zation. The broad 

peak arouna 21° ls due to the gl,ss substrate • 
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Iii 

l1g. 2.8 A sehematie diagraa of VSM 

l. signal pick-up coil for 

2. standard I18gnet 

3. OC magnetic. field 

L 

standard 

4. signal pick-up coil for sample 

5. sample holder 

6. X-y recorder 

7. lock-in amplifier 

8. loud . speak~r transducer 

?FRET 

o 

magnet 

o 
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œAPTBB. 3. UPIlWŒRTAL IlBSULTS AND DISCOSSIORS 

The experimental resu1ts are presented and discussed in th1s chapter. 

First a description viII be glven of the glass formation for the Fe·rich 

corner of the ternary Nd·Fe-B system. The behavlour of crystallization 

temperature for such ternary amorphous a1loys viII be described and 
~ 

discussedf1n terms of their concentration dependence in section 3.2. 
41' 

last part of this chapter viII be devoted to the magnetlc properties of the 

ternary Nd-Fe-B alloys. 

3.1 Glass Foraiog Ranges in the Ternary Rd-Fe-B Systea 

The ranges for glass formation for the a110ys (Pel Nd )100 B vere -x x -y y 

Investigated by means of X-ray diffraction. The amorphous nature o~ the 

samp1es was verified vith feature1ess X-ray spectra, except a broad maximum 

centered a~ound 20 ~ 44°. Fig. 3.1 Indicates the ranges for glass 

o formation for the Pe·rich corner of the ternary Nd·Fe-8 system. The dashed 

line in Fig. 3.1 means that compositions richer in B vere not fully 
. 

investigated for glass forming ability vheréas the solid 11ne gives the 

critical composition boundary for glass formation. The resu1ts shov that 

increasing neodYmium content (~20 at%) or decreasing boron content (s 7.5 

-at%) makes it more dlfficu1t to prepare amorphous samp1es. ) 

) 
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Fi,. 3.1 Ranges for ,lass foraatioD for Pe·rich corner ln the 

ternary Nd·Pe-B system 
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3.2 ~rystallization Behavlour of Aaorpbous (Fel_xNdx)lOO_yBy 

Alloys " 

3.2.1 Concentration Dependence of Crystallization Temperature 
~--. • 1 

Some typical results obtained by DSe measurements are shown in Fig. 

~. In lJ some of the amorphous a110ys, such as (Fel_xNdx) 87. SBi 2:5 vith x = 

0.200 and 0.250, there vas on1y a single crysta11ization exotherm, in other 

alloys the crysta11ization process ls more comp1ex and more than one 

exotherm was observed. For examp1e, in the a110ys (Fe1_xNdx)S7.5BI2.S vith 

x = 0.050, 0.100 and 0.150, ~here vere tvo exotherms whereas in the a110y 

(FeO.97SNdO.02S)S7.SB12.S even three exotherms were observed (see"Fig. 

3.2); The crysta11ization temperature (Tx) corresponding to the peak of 

the 10west exotherm are designated Tl' those corresponding to higher 

temperature'are designated T2 or T3" The resu1ts of Tl' T2 anij T3 0btained 

'" with a heating rate of 40 K/m!n are co11ected in tables 3.1 . 3.6. A dash 

in the tables indicates the absence of higher temperature exotherms in the 

temperature range (320 - IOOOK) considered in the present study. 

Fig. 3.3 shows the first crystal1ization temperature, Tl' as a 

tunction of boron concentration. 1t can be seen from Fig. 3.3 tnat Tl 

increases stead!ly with boron conc~ntration vhi1e the Nd:Fe ratio was kept 

constant. The maximum variation of about lOOK for the first 

crysta11izatlon temperature (Tl) in the range of 5 - 20 at% B was obtained 

for a110ys wi~ Nd:Fe = 0.111 vhereas the minimum variation of about SOK 
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Pige 3.2 Dse traces of amorphous (Fe1_xNdx)S7.5B12.5 alloys 

• 

'" obtalned vith a heat1ng rate of 40 lUain 
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., 

. \ Table 3.1 Curie teaperature (Tc) obtained at a heaUng rate 

of 80 KI.in and crystallization temperature of the flrst (Tl)' 

second (T~) and third (T3) obtained a~ a ~eating 

rate of 40 Klmin and the corresponding crystalline 

,1 
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y T Tl Ela Crystal11ne T2 Crystal11ne T3 _ Crystalline 
c 

(K) (K) (ev) , Phases (K)' Phases (K) Phases 

5 393.5* - - -, 
7.5 411.5* . - - -0 

-

10 442.6 742.3 a-Pe 871.8 a-P~ 932.1 a-Fe 

Fe'l .; ~ pe3B 

Nd .1~e4B~ Nd1.1 Pe4B4 

12.5 499.5 776.8 2.8 a-Pe 857.9 a-] e 931.2 a-Fe 
.~ 

Fe ~B pe3B 
, 

(9 )OK) Nd1•1Fe4B4 , 
..... 

15 533.7 796.4 a-Fe ~ 829.6 a-Fe 926.0 a-Fe 
FE' B 3 pe3B . 
(~ OOK) Nd1•1Fe4B4 "" 

20 601.5. 828.1 a-Pe - -
Nd 1. 1 Fe4B4 

* a-Fe phase vas observed in the X-ray diagrams of these as-spun sample 

, 
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\ • 
Table 3.2 As table 3.1, but for (FeO.9SHdO.OS)100-yBy 

'[ 

o 



0' y T Tl Ela c 
(K) (K) (ev) 

5 367.5* 835.7 
f . 

7.5 407.5 832.4 

" 

10 438.7 836.8 

1.2.5 488.1 850.2 4.87 

.,. -
15 520.4 860-.2 

. 

17.5 535.3 865.9 

, 

. 
20 563.5 874.3 -, 

o 

Bxperimental Resul t8 and Discussions -- 40 -

Crystalline T2 Crystalline 
Phases (K) Phases . 

a-Fe -
Nd2Fe14B1 
Nd 1. 1 Fe4B4 

a-Fe 903.6 a-Fe 
Nd2Fe14Bl Nd2Fe14Bl 
(8701) Nd2'e14Bl 

Nev-Phase 954.6 a-le 

a-Fe Nd2Fe14B1 
(9001) NdFe12B6 

Nev-P~se 974.5 a-Fe 
a-Fe Nd2Fe14B1 
(9001) NdFe12B6 

Nev-Pha e - a-Fe 

a-Ptt. Nd2'e14B1 
(90QK) Nd2'e23B3 

a-le 931 .• 2 a-Fe 
le3B 

1\ 
Nd2Fe14B 

(9101) le3B 
;; ---- ""-, 

a-le 930.7 a-Fe 
le3B Nd2'e14Bl 
(9101) le3B 

- \ 

-' 

'1''- CI 

Il 
il 

',1 
1 
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Table 3.3 As table 3.1, but for (FeO.90NdO.l0)lOO_yBy. The last 

columq gives the intrinsic çoerçiv~~ies for the 

--, ... 

, 

çrystalllzed alloys. 
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o y Te Tl 11a Cry_talline T2 Crystall1ne IIt>JBé 
(K) (K) (ev) Phases (K) Phases (T) . 

5 395.1 867.6 a-Pe · 0.4 

Nd2'e14B1 
0 a-Nd 

, 

. 7.5 443.5 869.9 a-Pe · 0.57 
-' - Nd2'e14B1 

Ndl •1'e4B4 , , 

10 455.4 896.8 a-Fe · 0.4 . 
\. 0 Nd2'e14B1 -

, Nd 1. 1 Fe4B4 

12.5 501.5 928.4 6.45 Nd2Fe14B1 9,54.1 a-Fe 0.25 - . 
Nd2Fe23B3 Nd2Fe14B1 
(950K) Nd1•l 'e4B4 

. 
Q 

15 490.4 955.5 Nd2Fe14B1 - 0.23 

Nd2Fe23B3 
1 , -

Ndl •1Fe4B4 . 
17.5 494.3 966.6 Nd2Fe14Bl - 0.15 

Nd2Fe23B3 ./ 

Ndl •1Fe4B4 
~ 

. 
20 499.3 962.7 a-Fe 967.7 0.05 

Nd2Fe14B1 \ 

Nd2Fe23B3 
Ndl.l~e4B4 

o 
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y Tc I/T
1 Bla Crystal11ne T2 Crystal11ne "'oJBc . (K) (K) (ev)' Phases (K) Phases (T) 

\ 

- -
5 389.7 859.7 Cl-Pe - 0.55 

, 
Nd2Pe14Bl 
Cl-Nd 

7.5 430.3 864.5 Cl-Pe - -'- 1.20 
.... 

Nd2Pe14Bl 
1 , 

Cl-Nd \ 

10 446.4 882.3 Nd2Fe14Bl 929.1 Nd2Fe14B1 1.34 

N4\.IPe4B4 
Cl-Nd t . t~ -- -

to-~ 
12.5 452.7 887.6 3.30 Nd2Fe14Bl 929.4 Nd2Fe14B1 1.13 

i Nd1• t Fe4B4 
Cl-Nd 

15 450.7 906.7 Nd2F~t4Bl 928.6 Nd2Fe14B1 0.58 
-

Ndl •1 Fe4B4 Nd1.1Pe4B4 
/ 

Î 17.5 448.3 941.8 Nd2Fe14B1 
. 0.85 , -

. Nd1•1Fe4B4 
NdPe12B6 

20 446.6 935.1 Nd2Fe14B1 - 0.90 

.. Nd 1. 1 Fe4Nd4 -,. 
" NdPe12B6 -' , 

o 

o 
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o . 
y T TI Ela Crystall1ne T2 Crystal11ne c 

(K) (K) (ev) Phases (K) Phases 

5 418.6* 858.5 Nd2Fe14B1 -

" 
< • , Cl-Nd 

\ - ....:;:;; 

7.5 418.5 854.8 N.d2Fel4Bl -
Ndl.lPe4B4 " ... 

Cl-Nd - -

~ 

10 425.4 848.0 - Nd2Fe14B1 -
i-"-

Ndl.lPe4B4 
Cl-Nd ~ 

~ 

-
12.5 421.5 863.8 4.05 Nd2Fel4B1 -" 1 -

, Ndl •1Pe4B4 
Cl-Nd 

• 
15 413.5 868.1 Nd2Fel4B1 970.5 Nd2Fel4Bl . 

. Ndl. l Pe4B4 
0 

Nd1•lFe4B4 
(930K) - 'o.-Nd . 

--

17.5 416.3 886.1 Nd2Fe14BI 
.,., 

- -
- Nd1•l Pe4B4 

Cl-Nd . 

20 392 .• 9 907.0 Nd2Fe14B1 ~------
-----------. 

-----. 1 __ Ndl-;1"1le4B4 
.. - Cl-Nd 

, . 

0: 
c 

..... 

... 
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o 
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-\ 
Table 3.6 As Table 3.1', but for ,<reO.75NdO.25)lOO-yBX_ 

, , 
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y Tc Tl 'Bla Crystall1ne 
(K) (K) ~V) Phases 

5 409.5* 842.2 '-- ~ '~Q2Pe14Bl 

«-Nd 

7.5 406.5 773.6 Nd2Pe14B1 
Nd1•1Pe4B4 , . 
«-Nd -

> 

0 

10 402.4 827.2 
\ 

Nd2Pe14B1 
Ndl •lFe4B4 
«-Nd 

12.5 390.8 834.2 4.3 Nd2Pe14B1 

~ 
Nd1•1Fe4B4 
«-Nd , 

15 381.9 838.9 Nd2Pe14B1 

. Nd 1. 1 Fe4B'4 
«-Nd 

17.5 367.3 847.6. Nd2Pe14B4 
Nd 1. 1 Fe4B4 
«-Nd 

20 356.6 858.4 Nd2Pe14B1 
Nd 1. 1 Fe4B4 
«-Nd 

. 

.. 

o .. 
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• 
na_ 3.3 The ffrst crystall1zaUon temperature (Tl) as a functfon 

-
of the boron concentration for (Fel_xNdx)lOO-yBy 
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vas found in the a110ys vith Nd:Fe ratio of 0.052. For the alloys vith 

N~:Fe ratio of 0.052 and 0.333, a llnear variation of Tl vith boron was 

observed vith a slope of :~ = 3 (K/at% B). The behavlour of the 
.r 

crystal1izatlon temperature vi th boron content, in the ternary amorphous 

a110ys (Fel Nd )100 B , ls simllar to that 'ln binary Fe100 B amorphous -x x -y y -y y 

a110ys. Especial1y ln a110ys 'Vith Nd:Fe "" 0.111 or 0.176, 1.e. for boron 

concentration in the range 12 s y s 20, Tl Inltia11y increases rapidly and 

then slovs down slightly at the higher boron concentration. It should be 

mentioned, hovever, that aIl the crystal11zation t,emperatures in the Cl' 

ternary system are much higher that in the binary al10ys. 
t 

is lOOK higher in {FeO.97SNdO.02S)S5BI5 and 2S0K higher in 

(FeO.90NdO.10)SSB15 than that for FeSSBIS binary a110y. 

For example, Tl 

The more interesting aspect of cry~ta11ization ls the variation of Tl 

vith the Nd:Fe ratio as shown ln Fig. 3.4. A common feature observed in 

al10ys vith different boron concentration is that, 1nltla11y, Tl increases 

sbarply vith the substitution of iron by neodymium and reaches a peak value 
<J 

at the Nd:Fe ratio slight1y higher than 0.111 and then decreases 1inear1y 

vith further additions of neodymium. The enhancement of the 

Nd crysta1l1zation temperature in the range of 0 s Fe s 0.111, is about 250K 

Nd whereas the reduction of Tl for 0.111 s Fe s 0.333 ls about lOOK. 

To further study this unusua1 variation of Tl vith composition, 

information on crystallization kinetics ls required. The activation 

energy (Ela) corresponding to the first crystal1ization process for the 
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" 1'1g. ,3.4 The first çrystallllzati~n taperature (Tl ~ 

of the Nd:Fe rati, for (Fel_xHdx)lOO-yBy 
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amorphous alloys (Fel_xNdx)S7.5B12.5 vas determined by the method p~oposed 

by Kissinger. Values of Ela of alloys vere alsotUsted in tables 3.1 . 

3.6. For the sake of examining the correlation between the crystal1ization 

temperature (Tl) and corresponding activation energy, ve plot Tl and Ela as 

a function of the Nd:Fe ratio in Fig.3.5. There is a strong increase of 

Ela for'$ma11 Nd:Fe ratios. 

It can be concluded from the resu1ts presented abov that the. thermal 

", stabi1ity of ternary Nd-Fe-B a110ys is proportional to 

concentration but strongly dependent on Nd:Fe ratio as The increase 

of the crysta11ization temperature in the binary amorpho s a110ys of 

-<,FelOO_yBy (13 sy s 20) vith y is not affected by the su stitution of 

neodymium for irone The thermal sta~ility, however, in the amorphous Nd-

Fe-B ternary a110ys ls great1y enchanced over that in Fe-B binary amorphous 

a11oys. 

The strong dependence of the thermal stability in the ternary 

amorphou8 a1loY8 (Fel Nd )"100 B on the ratio of Nd:Fe, hovever, is -x x -y y 

80mevhat compllcated. In the tables 3.1 - 3.6, the crystal11ne phases 

~orresponding to the first crystal1ization products are llsted. For a110ys , 

with a Ad:Fe ratio of less than 0.111, primary crystal1ization of a-Fe Is 

the major crysta11ization product. This mode of crystal1ization changes, 

hovever, to the crystallizàtion of Nd2Fel4B1 as the major crystalline phase 
, 

for a110ys vith Nd:Fe ~ 0.111. From the X-ray cÜagraJ4s, ve can clearly see 

that vhen the Nd:Fe ratio ls increased the amount of primary precipitati~n 

\ 
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PIg- 3~S The flrst c:rystalllzation temperature (Tl) and 

activation energy (Bla> as a function of Nd:Pe ratio 
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of a-Fe 18 decreased. This suggests that the strong rise of the 

crystal11zation temperature vith the addition of small amounts of neodymium 

is~elated to the increased stability of the amorphous phase. This is 

demonstrated by the drastic increase in the activation energy for the 

formation of a-Fe with the addition of Nd, i.e. with the decrease of the 

amount of crysta11ized a-Fe (see Fig. 3.5). The reduction of thermal 

stability at the higher Nd:Fe ratio and the minimum in Ela at a Nd:Fe ratio 

of 0.176 is not unexpected. It has been shown <14> that apart from primary 

crysta1lization processes, the activation energy for crysta1lization ls 

lowest for polymorphous crystallization. For Nd2Fe
14

B1, the'Nd:Fe ratio is 

0.143 in qualitative agreement with the experimental data in Fig. 3.5. 

The appearance of a~observed in crystalline phases for h1gher Nd:Fe 

ratio a110ys May bi responsible for the reduction of crystal1ization, 

temperature as neodymium content increases. 

3.2.2 Crysta11ine Phases in the Fe·rich Corner of xhe Ternary 

Nd-Fe-B System 

The crystal1lzatlon products for the amorphous a1loys vere determlried 

by heating the samples at the rate of 40 K/min in the DSC up to the hlghest 

temperature avai1able 999(K), then coo1ing it rapidly to room temperature 

and subsequently examin1ng the structure by X-ray diffraction. The 

crystalline phases corresponding to certain crystallization exotherms for 

- ,~, -
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the a110ys vere listed ln tables 3.1 - 3.6. Th~ regions defining different 

crystallization modes correspondlng to the flrst crystalllzatlod 
\ 

temperature for amorphous Nd·Fe-B a110ys are indicated in the Fe·rich 

corner of Nd·Pe-B phase diagram (see Fig. 3.6). The uncertaintles inthe 

position of boundaries 1s estimated to be less than 2 at%. The equillbrlum 

phases observed in each of amorphous Nd·Fe-& a110ys after crystaillzation 

are Indicated in the Fe-rich corner of the Nd-Fe·B phase diagram shown ln 

Fig 3.7. Fig. 3.8 shows the reglons deflnlng different crystallization 

modes of fully crystallized amorphous Nd·Fe·B al10ys. The crysta1li~e 

phases observed include Nd2Fe14B1, Nd1•1Fe4B4, a-Fe, a-Nd, 

Nd2Fe23B3, Nd1Fe12B6 and a new metastab1e phase. The composition of the 
1 

new phase 1s Nd6Fe128±4BI7~' A detai1ed discussion of the nev metastable 

phase ~as made by A1tounian et a1.<15>. Information on the crystal 

structures of these phases are included ln table 3.7. The phases 

o vas found from calorimetrie measurements that they disappear after 

. annealing in the DSe at 999K for a few minutes. As can be seen in Fig. 

3.7, the equl1lbrium crystalline phases in aIl the a110ys in which the 

Nd:Fe ratio 1s greater than 0.175 include a-Nd, Nd2Fe14~~d Ndl.1Fe~B4' 

, 
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• 
'fable 3.7 Cryst_al structures of crystalline phases observed-

in the ternary Nd-Pe-B syst_. 
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Crystalline Phases Structure Space Group Lattice Constants 

a-Fe cubic Im3m a=0.2866 nm 

a-Nd hexagonal P63/mmc a=0.3658 nm 

c=I.1797 nm 
, 

Nd2Fe23B3 cublc 143d a=I.419 nm 

Nd~el4Bl tetragonal P42/mnm a=0.8803nm - -
\ 

c=1.2196 nm 

Nd1Fe12B6 hexagonal R3m a=0.9605 nm 

1 
1 

c=0.7549 nm 
i ,< r' 

, Nd1.1 Fe4B4 tetragonal P42/n a=0.7117rim--' 
, - c=3.507 'nm_ 

Nd6Fe128 :±4 B17 ±l cub1c 1*3* a .. l.238 nm \ 

'" \ 
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3.3 Hagnetle Propertles of Aaorphous (Fel_xNdx)lOO-yBy 

A1loys 

3.3.1 Concentration Dependence of Curie Temperature for 

Amorphous (Fel Nd)l B alloys -x x -y y 

- 65 -

The Curie temperature , T , vas detenained by heating the aaorphous c 
.J> 

sampI es in the DSC under a flov of oxygen-free argon gas at a rat~ of 80 

K/m!n. Values of T for all amorphous (Fel' Nd )100 B alloys are c -x x -y y 

Included in tables 3.1 - 3.6. 

Fig. 3.8 shovs the Curie temperature for ternary amorphous a1loys as a 

function of baron concentration. The results of T for Fe100 B are taken c -y y 

from Altounian <16>. It can be derived from Fig. 3.8 that the effect of 

baron content ~n T is strongly dependent on the Nd:Fe ratIo. Vith c 

increaseing Nd:Fe ratio, the Increase in T vith boron content 18 gradually 
c 

diminished and for Nd:Fe > 0.176, even a decrease of T vith increasing c 

,1 baron content is observed. 

dT 

Fig. 3.9 summarizes this variation in T where c 

the average slope, dyc, vhere y ls the boron content, ls plotted as a 

function of the Nd:Fe ratio. The values of dd~ (Klat% B) vere calculated 

assuming a 1inear relation between T and boron content. It is apparent c 

that there 1s a reg!on, where the Nd:Fe ratio is between 0.175 and 0.225, 

for which the Curie temperature for the ternary amorphous al1~ys 

(Fel Nd )100 B Is lndependent of the boron concentration in the range of -x x -y y 

< 
1 
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r1a· 3.8 ~urle temperature (Tc> as a function of boron 

concentration for amorphous a110ys (Fe1_xHdx>lQO-yBy 
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o 

'là.' 3.'- Th. averac' alope of Curie t_perature (Tc> a. a 
.'~ 

functlon of boron concentration aga1nst Bd:'. ratio 
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8 at% sB s 20 at %. Further research is necessary to understand the 

origin of this unusual behaviour. 

3.3.2 Hard Hagnetic Properties of Ternary Nd-Fe-B A1loys 

Some of the tet~ry amorphous Nd-Fe-B alloys were magnetized at room 

temperature in the'VSH with a maxmium available field of 1.7 T before and 

after crystallization. The values of intrinsic coercive ,force, JHc' were 
, , 

included ln tables 3.3 and 3.4 for the crystallized samples. lt was found 

that the JHc is very low (~JHc -0.018T) for amorphous Nd-Fe-B al10ys 

whereas JH increased for aIl the recrystallized alloys. The crysta1lized • c , 
Q 

alloys with Nd:Fe < 0.176 exhibited soft magnetic properties (~Hc -

0.25T) and were easily saturated in an applied field of 1.7 T. This 

behaviour ls due to the presence of a-Fe in the equilibriua cryTta1line _ 

phases for these alloys. A1loys with Nd:Fe ~ 0.176, whose crystallizatlon 

• 
was free of a-Fe foraation, were found to be bard aagnetic aaterials (~Hc ' 

- 1.00T). It should be mentioned tbat the values of coercivity obtained _ 

from the present work are minor loop values and ther~fore-not very rellable 

because of the limited available field for the VSH. 

1 

A further study on the magnetization properties Qf crystalline ternary 

Nd-Fe-B alloys is presently being carried out by means of a pulse-field 

technique, vith fields up to 25T. It will be very significant to 

understand the coercivity mechanism of Nd-Fe-B materials and its relation 

to the microstructure. 

1 
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CONCLUSIONS 

The gaass formation and magneteic properties of (Fel Nd )100 B 
'/ -x X -y Y 

(0.025 s x s 0.25, 5 s y s 20) have been studied. The glass formation vas 

found possible for Nd-Fe-B alloys with iron content less than 87.5 at%. ' 

The results show that increasing neodymium content (~20 at%) or decreasing 

boron content (s 7.5 at%) makes it more difficult to prepare amorphous 

samples. 

The thermal stability of ternary amorphous Nd-Fe-B alloys is 

proportional to boron concentrations but strongly'dependent on Nd:Fe ratio 

as weIl. The strong increase of the crystallization temperature vith 

additions of sma!l amounts of neodymium to Fe-B is attributed to the 

increasing difficulty of a-Fe formation upon crystallization. The 

reduction of thermal stability at the higher Nd:Fe ratio is due to t\e 

polymorphie crystallization of the tetragonal hard magnetic phase 

Nd2Fe14B1 • Ternary p~ase diagrams for the initial and final 

crystallization products vere established. 

The increase in Curie temperature of amorphous Nd-Fe-B alloys vith 

boron content is gradually diminished as Nd:Fe ratio increases. There is a 

üegion, vhere the Nd:Fe ratio is betveen 0.175 and 0.225, for which the 

Curie temperature for amorphous Nd-Fe-~ alloys is independent of the boron 

content in the range of 8 at% s B s 20 at%. For Nd:Fe > 0.176, the Curie 

temperature decreases with increasing borpn content. The intrinsic 
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o o 

eoercivit1es of'lthe amorphous Nd-Fe-B a;t.;loys was less than 0.018 Tesla for , 

aIl composi tions. After crystallization the coere! vi ties increased' by a 

factor of about 50, spec1ally for alloys free of Cl-Fe • 
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