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ABSTRACT .

»
The glass formation, crystﬁllization and magnetic properties of
(F‘&1 de )100 ~yPy (0.025 =x = 0. 25 5 = y = 20) have been 1nvestigatedr_
\
.The amorphous Nd-Fe-B alloys vere ogtained by, melt-spinning. The glass

formation vas found possible for Nd-Fe-B,-alloys with iron content less than

87.5 atX. The thermal stability of ternary amorphous Nd-Fe-B alloys is
proportional to boron concentrat}ons but strongly dependent on Nd:Fe ratio®
as well. The stnrong increase of the’ crystalliz_at:lon températuri with
additlions of small amc;urits of neodymium to Fe-B is éttrib;xted_ to the
increasing difficulty o‘f o-Fe forma‘tion upon crystallization. For scme,
compositio;'as the crystallization products 1nf:lude metastablé ternary
phases. With increasing Nd:Fe ratio, the increase in C_urie temperature of
'amorphous Nd-Fe-B alloys with boron content is gradually dimini;hed and for
NdyFe g}*e;ater than Q.175, even a decrease of Curie temperature with
increaging boron co;tent is observed. The intrinsic, coéré-ivities of the

amorphots, Nd Fe-B alloys was less than 0.018 Tesla.for all compoSitions.

After crystallization the coercivities increased by a factor of about 50,

9

specially for alloys free of a-Fe. . -
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vy ‘\\ N i



~4f ~

RESUME

La vitri‘f':lcation, la cristallisation ainsi que les ﬁropriétés
magnetiques des all:ages de (Fel~dex)100—yBy (0.025 =sx =<0.25, 5 =y =
20) ont été étudiées. Les alliages amorphes de Nd-Fe-B ont été obtenus par
la méthode du "melt-spinning". La Y;trification est possible pour des
concentrations de Fe inférieures a 87.5 atZ. La stabilité thermique de ces
allia;xes est proportionnelle a la concentration du bore mais dépend aussi
au rapport Nd:Fe. La température de cristallisation augmente fortement
quand de petites quantités de néodyme sont ajoutées au composé Fe-B. Ce
fait est ;ttribué a la difficulté de formation de o-Fe. Pour certaines
compositions les produits de cristallisation contiennent des phases
ternaires métastables. 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 a 0.176 une
diminution de la température de Curie est observée. La coersiviteé
intrinseque deg alliages amorphes est inférieure a 0.018 Tesla pour toutes '
les compositions., Apreés cristallisation la coersivité augmente

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

contenant pas a—Fe.
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CHAPTER 1. INTRODUCTION

Recently there has been an upsurge of scientific and technological
interest in the ﬁev powerful Nd-Fe-B permanent magnet materials discovered
by three independent research groups: Sagava 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 also have the advantage of relatively low cost of
both materials and manufacturing. One can get a clear picture of the

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

ey

the Nd-Fe-B materials with several other magnetic materials which have been
wvidely used in modern technology such as telecommunication, data
techniques, control devices, motors as well as generators (see table 1.1
<4>).

The development of permanent magnet materials can date back to about
the beginning of this century. Magnetic materials giving riselto large
hysteresis (high remanence, Br’ and large coercive forces, BHC; see Fig.
1.1 (a)) are commonly described as hard magnetic materials. The remanence
Br determines the flux density which remains after removal of the
magnetizing field while the coercive field Bﬂc is a measure of the
material’s resistance against demagnetizing fields. One of ghe most widely
applied criteria for the suitability of permanent magnet materials is the

(
maximum energy product (BH)max’ vhich is defined as the largest possible

value of the product of the flux den¥ity B and the corresponding opposing

/\
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Table 1.1 Comprision of the magnetic properties of several

commercially available permanent magnets -



Material (Bﬂ)nax Br Jac BHQ Price*
o3| (1) | kanly | kan™ly ($/3)
. 'Ferroxdure 380

smvel‘,zo19 28.5 0.39 | 275 265 1
Alnico 83.5 [1.04 | - 124 2
RES 190

SuCog 154 10.89 | 1100 668 10
REC 26 ) .

Sm(Co,Fe,Cu,Zr)7 215 1.08 | 800 796 .8
Neqmax 35 \

Nd, ;Fe, By 279 |1.22 | 995 891 5

* 1986 prices




Fig. 1.1 a) Cogparisohd of B versus H plots and J versus H plots. The
{:emanen;:e is indicated by Br and Jr’ The corresponding
v coercive forces are repiesented by Bﬂc and intrinsic
coer‘_cive force Jnc' respectively. The flux
density B, polarization J and field strength H
are related by the equation B=J + p.oﬂ.
b) Comparison (of energy product (BH) corresponding to diffe'rent

»

vorking points a,b and ¢ on the B versus H curve.
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Introduction ~ 6 ~

%ié ' / ~fleld H. If th; h;steresis loop for a given magnet material is known, it
is<xe1ative1y easy to determine the energy product of ; particular magnet
body made of this material. This may be illustrated by means of Fig. 1l.1b
vhere point (b) on the B-H curve represents the working point of a magnet
located at a position vhere B equals uOH. The energy product corresponding
to the point (b) is (BH)max.

The carbon steel magnet was first developed at the end of the last

century. A substantial improvement came with the appearance of Honda steel

-« -
-

in which ~ 35% of the Fe in Fe-W-C steel was substituted by 93. However
the high price of Co compared to Fe drove'the scientists in .the world to
explore more powerful permanent magnet materials. The goal was reached in
1936 when the well-known Ticonal II was developed. The considerable
freedom in composition and heat treatment of this alloy system called for
an optimization of its magnetic properties, which finally led to the
appearance of Ticonal XX in 1956. The microstructure of these later
magnets was no longer isotropic ( as in ‘Ticénal II) but anisotropic which
vas realized later to be a prerequisite for achieving the high energy
products (BH)max’ in modern permanent magnet materials. The favourable
candidates for sufficiently large magnetocrystalline anisotropies are
rare-¥arth base compounds with suitable uniaxial crystal structures, vwhere
this property 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
magnetic orde}ing temperature is guaranteed by combining rare-earth
elements with 3d transition metals. Such a compound which meets all these
requirements was discovered in the mid 1960s by K.’Strnaf et al <5>. They
reported that hexagonal RCo5 (R = Rare earth) compounds of~CaCu'5 type
structure have promising hard magnetic properties. The significant
impyovement in permanent magnet performance was achieved by using SmCoS. As
a matter of fact; SmCo5 was the most powerful magnet material-until the
discovery of Nd-Fe-B magnets. If the main components of SmCo5 magnets had
been cheaper and if there had been a reliable source of Co, the
developqunt of Nd-Fe-B magnets might not have happened or at leastqbeen

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

ey

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

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

composition RzFeléB. : ;
>
Besides the powder metallurgical method, an alternate way to prepare
the Nd-Fe-B permanent mignet materials is by rapid quenching . In this
method, the alloy can be rapidly quenched into an amorphous state and then
crystaiﬁized 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.atté}ned which develop either directly

during quenching or during subsequent crystaliization <7,8,9>. The origin

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

-
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PN
{

equilibrium phases in conjunction with finely divided microstructure, which
under optimum conditions can approach the single-domain critical size
(single-domain particle diameter ~ 150nm for melt-spun materials <2>). 1In
addition, the rapid quenching methods offer the pogsibility of prepaging
metastable compounds not obtainable b& either powder metallurgy or liquid-
phase sintering. Therefore, when these methods are used, the chance of
finding novel materials 1s considerably increased and improvements of hard
magnetic properties of materials 1s simply achieved by controlled addition
of selected elements to Nd-Fe-B.

s

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

4

preparing permanent magnet materials, the alloy is first required to be
quenched into an amorphous state. So called amorphous metallic alloys,

which also have been calléd glassy alloys or non-crystalline alloys, are

AN

metal alloys with no long range atomic order. The absénce of long range

’

at 3c order induces many ﬁﬁlque properties for amorphous materials. For
B

gnetic mater%gls; mechanicallly, they
Y
are exceptionally hath and have extremely high tensile strengths; and some

]

ex

; e, they behave as very soft

of them are excellent corrosion res

-0

These -unique properties have
stimulated’ a huge amount of investigation inko the amorphoﬁs materials
since Duwez and his cowokers discovered a method of preparing amorphous
alloys by direct quenchipg from the melt in 1960’s <10>. It has been

demonstrated that most of binary alloys such as the transtion metal-

metalloih type (TM-M) and the rare-earth-transition metal (RE-TM), are good

[
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glass forming systems.

So far, although a lot of work has been done on the crystallographic

and magnetic properties of Nd-Fe-B base alloys, the glass forming ability
of the ternary Nd-Fe-B system and the magnetic and thermal properties of
amorphous Nd-Fe-B alloys have been the subjects of relatively very few
investigations. The first report of magnetic properties of amorphous
iron-rare-earth-boron alloys was made by S.B;“Aly et al. <11>. They
studied the magnetic properties of melt-spun Fe77RISBB amorphous alloys
with 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 to
be in the range 360-570K and are well 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 ironjrich composition :.ln the Nd-Fe-B
system and found that the thermal stability of the alloys increases with
boron concentrations, while increasing the neodymium concentration gives
rise to-a strong initial increase in the thermal stability but leads to a
decrease at higher neodymium concentratio;s. The varation of thé” thermal
stability of Nd-Fe-B amorphous alloys cannot be understood by their work.
As we know, a controlled crystallization of the melt-spun materials
controls the micrgstructure and therefore 1; a prerequiste for the

attainment of sufficiently large coercive forces. It is therefore of

significance to understand the glassy forming ability and thermal stability f
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" of ternary Nd-Fe-B system. To avoid unnecessary grain growth of the

phase, all high performance magnets <2> always have an off-

»

stoichometric composition. It is therefore necessary to determine the

Nszel4Bl,

-~

‘nature and the role of grain bbundary phase or phases around the tetr;;ona} '
hard magnétic phase. Crystallization studies of the amorphous Nd-Fe-B '
alloys provide a direct determinétion of these phases and a crystalline
ternary phase diagram can be ;;tablishedniﬁ the region of inte}est.§31n
addition, very little is known,about the magnetic properties of the
amorphous Nd-Fe-B alloys. Baséd on these reasons, we pursue a systematic
study of the formation and crystallization of the iron-r;ch corner of the
te;narg}Nd:Fe-B amorphous alloys.

. In the next chapter, a description of the preparation‘of ;eltfspun
alloyé (Fel—dex)IOO-yBy ( 0.025 =x <0.25, 5 sy =20 ) and exper?mental
methods used 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. ’

’
A}

\ ,



: ) CHAPTER 2. RXPERTMENTAL METHODS
This chapter describes the experimental methods used 1;_samp1q
preparation and measurements. A detailed description. of sahple ﬁrebaration
is presented in the first section. The section for samble measurements
includes a brief description of the Y@rious instruments used, such ;s
differential scanning calorimeter.(DSC), X-ray diffractometer and vibrating

sample magnetometer (VSM).

2.1. Sample Preparation ’

A
I

The (Fel-dex)loo—yBy alloys were prepared by induction melting
appropriate amount of 99.99% pure Fe, 99.9% pure Nd and 99.9% pure B on a "’
wvater-cooled copper boat under titanium gettered argon( see Fig. 2.1 for a

schematic diagram). It was found that this method can produce much cleaner

.

samples than conventional arc-melting. Ih order to ensure homogeneity,
each.alloy button (about 2g ) vas melted up‘to five times. Sample mass

losses were essentially less than 0.4 mg after five melts. Glassy ribbons

»

')
vere obtained by melt spinning under Ar atmosphere instead of He. It was
\

found, experimentally, that Ar atmosphere .increased the contact time of the
ribbon with the vheel because of the higher viscosity coefficient of Ar.
The molten alloy was ejected by argon pressure through a small orifice of

~ “

size 0.4 mm-at the bottom of a quartz crucible onto the surface of the




!

Fig. 2.1 A schematic digram of the vater-cooled éopper boat

1. ts rf pover supply
‘2. sampie

3. cooling vater inlet
4. vacuum pump

5. quartz tube

' 6. cooling water outlet. :
¢ ”!- ‘
—— 7. Ar gas S
8. titaniuﬁ,. .
9 and 10. valves ’ v -

11 and 12. pressure gauges

13. copper boat .

]

>
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Experimental Methods -~ 14 ~
rotating steel vheél. Experiments showed the quality of ribbon sample
could be greatly improved by using a steel vheel instead of the more common
copper vheel, 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 m/s: The
glassy ribbons were typically 1-2 mm wide and 20-30 um thick. The
brittleness of the ribbons increased with neodymium contént. i-ray

diffractometer scans did not show ény sign of crystallinify for most ofAthe
samples used in this §tudy. Only a few alloys with iron content greater
than 87.5 atX Fe shovgg some low intens£;§‘nraég reflections characteristic
of a partially crystalline alloy. PFig. 2.2 shows the X-ray diffraction

~

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

LY
)

2.2 Measurements

2.2.1 Differential Scanning Calorimeter (DSC) . .

A

P

A very essential tool for studying thermal ﬁ;opeéties of metallic
glasses is the DSC (see Fig. 2.3 f;r a schematic diagram of Perkin Elmer
DSC-IIc ). Here 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 f{ov between the two is monito;ed by a thermometer
through a fe;dback system. The normal way to measure the thermal

properties in the DSC 15 to heat the amorphous sample under a flow of

i
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Fig. 2.2 A typical X-ray diffraction pattern of an amorphous

Nd-Fe-B alloy taken with CuKa radiation
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Pig. 2.3 A ‘schematic diagram of Perkin Elmer DSC-IIc

5.

6.

7.

8.

10.

11.

sample holder

réference holder

resistance thermometer

heater

argon inlet

argon outlet

aluminum body (heat-sink)
‘thermometer for sample and reference
power supplies for sample and reference heater(:_
sample confined in aluminum pan or gold pan

reference container (empty aluminum pan or golad pan)
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Experimental Methods ~ 19 ~

( oxygen-free argon gas at a constant heating rate. - The thermogram is
recorded via a coqputer. A typical thermogram observed in the present
study is shown in Fig. 2.4. The small endothermic "kink" in the curve (a)
is due to the ;agnetic ordering temperature. The DSC, therefore, can be
;sed to determine fﬁe Curie temperature, Tc of magnetic materiaiz.. The H
large exothermic peak in the curve (b) is due to the crystallization of the
amorphous sample. -
The dependence of the crystallization temperature (Tx) y 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>, lnrA% is plotted against 5%7 the slope of the resulting straight line
N B X —
| : > gives the activation energy. Fig. 2.5 shows Kissinger plots for the

samples containing 12.5 atX B.

LY

.-2.2.2 X-ray diffraction . (}

X-ray diffraction is a well-known technique for studying the structure
6f a ma;erial. It can be used not only to‘identify the crystalline phases
of alloys but also to verify the amorphous nature of the alloys. The X-ray
diffraction measurements vas done in the reflection mode with monochromatic
copper Kal radiatioa (vavelength 1.54056 A). Fig. 2.6 shows the schematic
aiaé;am of the X-ray diffractometer. The diffractometer used in this ;tudy

{r " was ag automated Nicolet-Stoe L11 povder diffractometer. The ribbon
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Fig. 2.4 DSC curve for alloy Ndlzye68320

a). Curie temperature curve obtained by heating the
-
amorphous alloy at a rate of 80 K/min

b). crystallization exotherm at 40 K/min
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B

Fig. 2.5 Kissinger plots for alloys with composition .
(Fe,_,Nd,)g7.5B12.5 : -
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{Fig. 2.6 A schematic diagram of the X-ray diffractometer 2t
1. X-ray tube ] -
2. anode . . - .
3. X-ray source slit
® 4. sample holder and sample =’

5. monochromator
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samples were mounted on a thin glass plate using a double sided adhesive
tape. To test foi amorphousness, 26 diffraction scans vére made in the
range 30° to 50°. The step size and exposure time were 0.1° and 20 seconds
respectively. To obtain the X-ray diffraction pattern for the
recrystallized alloys free of texturing effects, the ribbon samples vere
first powdered and|26 diffraction scans were taken in the range 25° to 70°.
The step size and prosure time vere 0.1° and 40 seconds respectively. A
representatlve,x-ray diffraction spectrum for an alloy after

yr

crystallizétion is displayed in PFig. 2.7.

2.2.3 Vibrating Sample magnetometer (VSM)

Magnetization measurements vere perfered 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 DC magnetic field and the AC signal
induced by the dipole field of the sample .in a pair of  secondary coils
placed on both sides of the sample is amplified and compared with a signal
produced by a statdard magnet, giving rise to an output signal which is
directly 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. Thé samples ( ~ 5mg) for
magne’ization measurement wére prepared by using epoxy resin to hold the

~
ribbon fragments.
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Fig. 2.7 A,fepresentative X-ray diffraction spectrum for the

amorphous alloy after cry'staflization. The broad

peak around 21° is due to the glass substrate.

Rl




ik}

SO0

-

Intensity

s

200

10



[
Fig. 2.8 A schematic diagram of VSM

1. signal pick-up coil for stan&ard magnet
2. standard magnet
3. DC magnetic field
4. signal pick-up coil for sample
- | - 5. sample holder @ku
6. X-Y recorder %

7. lock-in amplifier

8. loud - speaker transducer

. 5\‘ . ‘
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CHAPTER 3. EXPERIMENTAL RESULTS AND DISCUSSIONS

The experimental results are presented and discussed in this‘chapter.
First a description will be given of the glass formation for the Fe-rich
corner of the ternary Nd-Fe-B system. The behaviour of crystallization
temperature for such ternary ,{amorphous alloys will be described and
discussed#in terms of their concentration dependence in section 3.2. ;;;::>

€

last part of this chapter will be devoted to the magnetic properties of the

ternary Nd-Fe-B alloys.

3.1 Glass Forming Ranges in the Ternary Nd-Fe-B System

The ranges for glass formation for the alloys (Fel—dex)IOO—yBy vere
investiggted by means of X-ray diffraction. The amorphous nature of the
saﬁples wvas verified with ééatureless X-ray spectra, except a broad maximum
centered around 20 =~ 44°. Fig. 3.1 indicates the ranges for glass
formation for the Pe-rich corner of the ternary Nd-F{-B system. The dashed
line in Fig. 3.1 means that compositions richef‘ip B were not fully
investigated for glass forming ability vhereas the solid 115;'§1ves the
critical composition boundary for glass formation. The results showv that

-

increasing neodymium content (= 20 atX) or decreasing boron content (= 7.5

——

atX) makes it more difficult to prepare amorphous samples. )
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Fig. 3.1 Ranges for glass formation for Fe-rich corner in the

ternary Nd-Fe-B system , .
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3.2 Crystallization Behaviour of Amorphous (Fel_dex)mo_yBy

Alloys

H

3.2.1 Concentration Dependence of Crystallization Temperature

Some typical results obtained by DSC measurements are shown in Fig.
3.2. Inusome of the amorphous alloys, such as (Fel~dex)87.5512:5 with x =
0.200 and 0.250, there was only a ;ingle ciystallization exothe;m, in other
alloys the crystallization process is more complex and more than one
exotherm was observed. For example, in the alloys (Fel—dex)87.5B12.5 with
x = 0.050, 0.100 and 0.150, gthere were two exotherms whereas in the alloy
(Feo‘9.',5Nc10.025)87.5312.5 even three exotherms were observed (see ‘Fig.
3.2): The crystallization temperature (Tx) corresponding to the peak of
the lowest exotherm are designated Tl’ those corresponding to higher g
temperature are designated T, or T3. The results of Tl’ T2 afg T3 obtained
with a heating rate of 40 K/min are collected in tables 3.1 - 3.6. A dash
in the tables indicates the absence of higher temperature exotherms in the

Y
temperatur; range (320 ~ 1000K) considered in the present study.

FPig. 3.3 shows the first crystallization temperature, Tl’ as a
function of borod concentration. It can be seen from Fig. 3.3 that T1
increases steadil& with boron concentration while the Nd:Fe ratio was kept
constant. The maximum variation of about 100K for the first

crystallization temperature (T,) in the range of 5 - 20 atX B was obtained

for alioys visp Nd:Fe = 0.111 whereas the minimum variation of about 50K



Fig. 3.2 DSC traces of amorphous (Fel—dex)87.SBlz. 5 alloys \

~
obtained vith a heating rate of 40 K/min
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‘

", Table 3.1 Curie temperature (Tc) obtained at a heating rate
of 80 K/min and crystallization temperature of the first (Tl),
second (Tz) and third (T3) obtained at- a heating

rate of 40 K/min and the corresponding crystalline

. phases in (Fey o758dy 595)100-yBy

of




I

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

A

Bxperimental Results and Discussions -~ 38 ~
y Tc '1‘1 Ela Crystalline Tz Crystalline T3 | Crystalline
(K) (K) |(ev)’ Phases (K) Phases (K) Phases
5 393.5% - . -
3% ,
7.5 411.5% - . -
10 442,6 | 742.3 a-Fe 871.8 | a-F 932.1 |a-Fe
Fe Fe3B
Nd .1?e484 Ndl.lFe4B4
12.5] 499.5 |776.8] 2.8 | o-Fe 857.9 | a-Fe 931.2 |a-Fe R
= Fe,B Fe,B
g (900K) Nd, ,Pe,B,
15 533.7 | 796.4 a~Fe . |829.6 | a-Fe 926.0 |a-Fe
F éB Fe3B
- (900K) Nd, ,Fe,B,
20 601.5. |828.1 o-Fe - -
Nd; 1Fe4B,



';able 3.2 As table 3.1, but for (Fe0.95Nd0.05)100-yBy

-

s



Experimental Results and Discussions

y Tc Tl Ela Crystalline ’I'2 Crystalline
(K) (K) (ev) Phases (K) Phases .
5 367.5*% | 835.7 o-Fe -
£
Ndzl?el 431
Nd, ,Fe,B,
7 . 5 407 . 5 832 . 4 G—Fe 903 'y 6 a“Fe
Nszel 481 Nszel 431
(870K) Nszel 431
10 438.7 | 836.8 Nevw-Phase 954.6 | a-Fe
a-Fe Ndzl?el 431
(900K) Ndl"e1 236
12,5 1488.1 850.2 }4.87 | New-Phase 974.5 | a-Fe ’
a-Fe NdZFel 431
. (900K) Ndl?el ZB6
15 520.4 ] 860.2 New-Phase . a-Fe
a—Fi Ndzl?e1 4B1
(900K) Nsze2383
17.5 1 535.3 | 865.9 a~Fe 931.2 | a-Fe
Fe3B Nsze1 AB
(910K) Fe,B
a \ T
20 563.5 |874.3 a—Fe 930.7 | a-Fe
Fe3B Ndzl?el 431
(910K) Fe.B

~ 40 ~

\\

L)
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Table 3.3 As table 3.1, but for (Fe

0.90%p.107100-yBy* The last

column gives the intrinsic coercivities for the

s

crystallizred alloys.
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T
(K)

T
(K)

la

(ev)

Crystalline
Phases

4

(K)

Crystilline
Phases

koIl
€9

12.5

15

17.5

20

395.1
443.5
455.4
501.5
690.4
494.3

499.3

867.6

869.9

896.8

928.4

955.5

966.6

962.7

6.45

a-Fe
Ndztel‘Bl
a—-Nd

a-Fe

Nsze14Bl
Nd

1.17¢484

a-Fe

NszeuB1
Nd

1.17e48,

Nszel‘Bl
Nd

2Fe93B,
(950K)

Nsze
Nd
Nd

1481
2¥ey38;
1.17¢43
NszeuBl
NdZFeZSB3
Nd) qFe.B,
a-Fe
NszeMB1
NszeZBBa
Nd) Fe,B,

954.1

967.7

a-Fe

NdZFeIABl
Nd

1.17€4B4

0.4

0.57

0.4

0.25

0.23

0.15

0.05




Table 3.4 As table 3.3, but for (Pe

/

0.85"%0.157100-yBy

{
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y T, / T, B, Crystalline T, |Crystalline N
® | ® | (ev)| Phases [(K) Phases (1)
5 389.7 | 859.7 a-Pe - 0.55
Ndzl?el 631
a-Nd
7.5 430.3} 864.5 a-Fe - 1.20
. Nclee1 4B1
a—Nd\
10 446.4 | 882.3 NdZFel4Bl 929.1 NdZFel4Bl 1.34
NG qFe B,
a-Nd
Ee ~
(4
12.5 4?2.7 887.6 3.30 NdZFe14BI 929.4 Nsze1431 1.13
Nd, Fe,B,
a—Nd
15 450.7 1 906.7 NdZFe;lloBl 928.6 Nsze1431 0.58
Nd, ,Fe.B, Nd, ,Fe,B,
17.5] 448.3| 941.8 Nd2F81431 - _ 0.85
Ndl . ]_Febnl.
NdFe1236
20 446.6 | 935.1 Nsze14Bl - 0.90
lN!dl . lFe ‘Nd 4
Ndl"el 286
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.

(K)

(K)

la

(ev)

Crystalline
Phases

T,
(K)

Crystalline
Phases

10

12.5

15

17.5

20

418.6%

418.5
’;25.4
421.5
413.5
416.3

392.9

858.5

854.8

848.0

863.8

868.1

886.1

907.0

NdZFe1£BI

a-Nd

Nd,Fe, ,B,
Nd, (Fe,B,
a-Nd

Nd

1.17e43,
a-Nd

Nd,Fe; ,B)

Nd, Fe,B,
a-Nd

Nsze1431
Nd) 1Fe,B,
(930K)

Nsze14B1
Nd, (Fe,B,
a-Nd

NdZFeIABl
_Nd, PezB,
o-Nd

4

970.5

Nd
Nd

aFe143
) 1.17€48,
- ra=Nd -
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¢ 1 “Bl a Crystalline
(K) (K) \<:v) Phases

5 409.5* | 842.2 “S<==Rd Fe, B
27141
a~-Nd

Nd; 1Fe,B,
a—-Nd .

10 | 402.4 |827.2 Nd,Pe, B,
Nd, ,Fe,B,
a-Nd

12.5 | 390.8 |834.2 | 4.3 | NdPe B
. Nd, ,Fe,B,
a-Nd

15 | 381.9 | 838.9  Nd,Fe, B,
Nd B

1.17¢,5,
a-Nd : - =

17.5 | 367.3 | 847.6 Nd,Pe, ,B,
Nd, (Fe,B,
a-Nd

20 356.6 | 858.4 Nszeu‘B1

Nd, ,Fe,B,

o—-Nd

#p



Fig. 3.3 The first crystallization temperature (T,) as a function

of the boron concentration for (Fel-—dex)IOO-—yBy
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c wvas found in the alloys with Nd:Pe ratio of 0.052. For the alloys vith
Nd:Fe ratio of 0.052 and 0.333, a linear variation of Tl with boron wvas
observed with a slope of %% =~ 3 (K/atX B). Therbehavipur of the
crystallization temperature with boron content, in the ternary amorphous

alloys (Fel_de x)IOO—yB » 1s similar to that in binary FelOO-—yBy amorphous

y
alloys. Especially in alloys with Nd:Fe = 0.111 or 0.176, i.e. for boron
concentration in the range 12 =y =< 20, ’1’1 initially increases rapidly and
then slows dowvn slightly at the higher boron concentration. It should be

mentioned, however, that all the crystallization temperatures in the (f

ternary system are much higher that in the binary alloy‘s. For example, T,

is 100K higher in (Fe0.975Nd0.025)85B15 and 250K higher in
(FeO.9ONd0.10)85B15 than that for FeBSBIS binary alloy.
| The more interesting aspect of crys\tallization is the variation of '1‘1
with the Nd:Fe ratio as shown in Fig. 3.4. A common feature observe:d in
alloys with different boron concentration is that, initially, T1 increases
/ sharl;ly with the substitution of iron by neodymium and reaches a peak value
N

at the Nd:Fe ratio slightly higher than 0.111 and then decreases linearly

with further additions of neodymium. The enhancement of the

. ) crystallization temperature in the range of O s-g—g = 0.111, 1is about 250K
vhereas the reduction of T1 for 0.111 s-llg% = 0.333 is about 100K.

To further study this unusuval variation of T1 with composition,
information on crystallization kinetics is required. The activation

energy (Ela) corresponding to the first crystallization process for the
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I -
_Fig. 3.4 The first crystallizatiqn teamperature (’1‘1) as a function
. ! A “’
of the Nd:Fe rat17 for (Fel—xmx)IOO—yBy
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amorphous alloys (Fel_dex)s.’ 5812 5 vas determined by the method proposed
by Kissinger. Values of Ela of alloys wvere also(,llsted in tables 3.1 -
3.6. Por the sake of examining the correlation between the crystallization

temperature (Tl) and corresponding activation energy, we plot '1'l and B, as

la

a function of the Nd:Fe ratio in Fig.3.5. There i1s a strong increase of

[}

Ela for small Nd:Fe ratios.

It can be concluded from the results presented above that the .thermal
)

-‘stability of ternary Nd-Fe-B alloys is proportional to the boron

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

of the crystallization temperature in the binary amorphous élloys of
ﬁl?emo__yBy (13 sy =20) with y is not affected by tl:e substitution of
neodymium for iron. The thermal stability, however, in the amorphous Nd-
Fe-B ternary alloys is greatly enchanced over that in Fe-B binary amorphous
alloys.

The strong dependence of the thermal stabili;y in the ternary

amorphous alloys (Fe Nax).lco—yny on the ratio of Nd:Fe, howvever, is

1-x
somevhat complicated. In the tables 3.1 - 3.6, the crystalline phases
corresponding to the first crystallization products are lis/ted. For alloys
vith a8 Jdd:Fe ratio of less than 0.111, primary crystallization of a-Fe is
the major crystallization product. This mode of crystallization changes,
however, to the crystallization of Nszel 431 as the major crystalline phase

for alloys with Nd:Fe = 0.111. Flr'om the X-ray diagrams, we can clearly see

that when the Nd:Fe ratio is increased the amount of primary precipitatibn



Fig. 3.5 The first crystallization temperature ('1‘1) and
activation energy (Bla) as a function of Nd:Fe ratio

for alloys (Fel-—dex)87.5Blz.5 ( 0.025 = x <0.25 )
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Experimental Results and Discussions ~ 57 ~
( c;f a-Fe 1is decreaséd. This suggests that the strong rise of the
crystallization temperature with the addition of small amounts of neodymium
is related 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

- amcunt of crystallized o-Fe (see Fig. 3.5). The reduction of thermal

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

la
of 0.176 is not unexpected. It has been shown <14> that apart from primary
crystallization processes, the activation energy for crystallization is

lovest for polymorphous crystallization. For Nsze14B1, the 'Nd:Fe ratio is
0.143 in qualitative agreement with the experimental dat; in Fig. 3.5.
The appearance of z;gﬂ\observed in crystalline phases for higher Nd:Fe

ratio alloys may beé responsible for the reduction of crystallization.

temperature as neodymium content increases.

3.2.2 Crystalline Phases in the Fe-rich Corner of the Ternary

: Nd-Fe-B System

The crystallization products for the amorphous alloys were determired
by heating the éamples at the rate of 40 K/min in the DSC up to the highest

temperature available 999(K), then cooling it rapidly to room temperature

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

crystalline phases corresponding to certain crystallization exotherms for




Experimental Results and Discussions ~ 58 ~

the alloys vere listed in tables 3.1 - 3.6. The regions defining different

crystallization modes corresponding to the first crystallizatiod

A
temperature for amorphous Nd-Pe-B alloys are indicated in the Fe-rich

corner of Nd-Fe-B phase diagram (see Fig. 3.6). The uncertainties in the

position of boundaries is estimated to be less than 2 at¥. The equilibrium
phases observed in each of amorphous Nd-Fe-B alloys after crystallization
are indicated in the Fe-rich corner of the Nd-Fe-B phase diagram shown in
Fig 3.7. Fig. 3.8 shovs the regions defining different crystallization
modes of fully crystallized amorphous Nd-Fe-B alloys. The crystalline
phasés observed include NdZFe14Bl, Ndl.IFe4Ba’ a-Fe, «-Nd, »

Nsze23 3 NleelzBﬁ and a new metastable phase. The composition of the
1

new phase is Nd62e1281A317:i‘ A detailed discussion of the new metagtable
phase was made by Altounian et al.<15». Information on the crystal
structures of these phases are included in table 3.7. The phases

Nd Fe23 3 NdFe and the new phase NdGFe are metastable and it

1286 128 42174
* wvas found ﬁiom calorimetric measurements that they disappear after ‘

I3

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

]

3.7, the equilibrium crystalline phases in all {he alloys in which the

¢

Nd:Pe ratio ls greater than 0.175 include «-Nd, Nd FelABi,and Ndl'lFékBa.

e
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Pig. 3.6 Regions defining different crystallization modes N

corresponding toﬁ the first crystallization temperature

, of amorphous (”l-—xmx)loo—y‘y alloys. The primary

crystallization products observed in each of these
regions (a - n) are specified belov. Full circles denote
em_xilibriun phases vhile open circles indicate letgs‘table phases.
. a-Pe, Kd, ,Pe,B, |

b. aPe

¢. oPFe, Pean

d. NdeFe 0 B o 1) a-Fe )

e. a-Pe, Ndzlfe1 481 .~ ‘ ) )

£ Ndzl?e

14817 NdgFe, B, N, (Fe,B,

g Ndzrel 431' Ndzl'e2333 .

9\

‘Rd, ,Fe,B

3. Najre 11788,

1431
k. Nd,Fe, B,
1. a-Pe, Nd,Fe  B,, a-Nd

m. Nd,Pe, B, Kd, ,FeB,, «-Nd ‘ .

n. Nd !‘l‘nl, ﬂ"M
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Pig. 3.7 Regions defining different crystallization modes of fully

crystallized (1000K) smorphous (Fe, W ) ., B alloys. Solid
lines correspond to the equilibriua phases vhile dash

1ines correspond to the intermediate phases.
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Table 3.7 Crystal structures of crystalline phases observed- o
in the ternary Nd-Fe-B systea. .
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67128481741

Crystalline Phases| Structure |Space Group| Lattice Constants
a-Fe cubic Im3m a=0.2866 nm
o~Nd hexagonal P63/mmc a=0.3658 nm
¢=1.1797 nm
Nd,Fe, B, cubic 143d a=1.419 nm
NdZFeMB1 tetragona} P42/mnm a=0.8803nm
¢=1.2196 nm
NdIFeIZBG hexagonal | R3m a=0.9605 nm
/’ ¢=0.7549 nm
' Nd, ,Fe,B, tetragonal | P4,/n a=0.7117nm~"’
T ¢=3.507 nm.
Nd_Fe cubic I*3x% a=1.238 nn !
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3.3 Magnetic Properties of Amorphous (Fel_dex)loo_yBy

Alloys

3.3.1 Concentration Dependence of Curie Temperature for

Amorphous (Fel—dex)l—yBy alloys

The Curie temperature , Tc, wvas determined by heating the amorphous
samples in the DSC under a flow of 9xygen-free argon gas at a raté?of 80
K/min. Values of Tc for all amorphous (Fel—deX)IOO—yBy alloys are
included in tables 3.1 - 3.6.

Fig. 3.8 shows the Curie temperature for ternary amorphous alloys as a
function of boron concentration. The results of T, for Feloo_yBy are taken
from Altounian <16>. It can be derived from Fig. 3.8 that the effect of
boron content on Tc is strongly dependent on the Nd:Fe ratio. With
increaseing Nd:Fe ratio, the increase in Tc with boron content is gradually

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

boron content is observed. Fig. 3.9 summarizes this variation in Tc vhere

dT
the average slope, 15%, vhere y is the boron content, is plotted as a

dT “©
function of the Nd:Fe ratio. The values of 7ﬁ§ (K/atX B) were calculated

assuming a linear relation between Tc and boron content. It is apparent

that there is a region, where the Nd:Fe ratio is between 0.175 and 0.225,

N

for which the Curie temperature for the ternary amorphous all?ys

(Felﬁdex)IOO—yBy is independent of the boron concentration in the range of




Fig. 3.8 Curie temperature (Tc) as a function of boron

concentration for amofphous alloys (Fel-dex)loo-yBy
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!1?;.’3.9: The average slope of Curie temperature (Tc) as a

function of boron concentration against Nd:Fe ratio
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8 at? =B =20 at X. Further research is necessary to understand the

origin of this unusual behaviour.

3.3.2 Hard Magnetic Properties of Ternary Nd-Fe-B Alloys

Some of the ternary amorphous Nd-Fe-B alloy§ vere magnetized at room
temperature in the VSM with ; maxmium available field of 1.7 T before and
after crystallization. Tﬁe values of intrinsic coercive force, JHc’ vere
included in tables 3.3 and 3.4 for th; crystallized samples. ’I; was found
that the JHc is very low (uOJHc ~ 0.018T) for amorphous Nd-Fe-B alloys
whereas JHc increased for all the recrystéllized alloys. The crystallized -

o

alloys with Nd:Fe < 0.176 exhibited soft magnetic-properties ("UJHc ~ /
0.25T) and were easily saturated in an applied field of 1.7 T: Th&s
behaviour is due to the presence of a-Fe in the equilibriui cry?talline_ e
phases for these alloys. Alloys vith Nd:Fe = 0.176, whosg crystallization
wvas free of a-Fe formation, were found to be hard lagnet{c materials (pOJHc‘
~ 1.00T). It should be mentioned that the values of coercivity obtained:
from the present work are minor loop values and thergfore—not very reliablé
because of the limited available fleld for the VSM. p“

A further study on the magnetization properties 6f crystaliine ternary
Nd-Fe-B alloys is presently being carried out by means of a pulse-field
technique, with fields up to 2ST. It will be very significant to

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

to the microstructure.



CONCLUSIONS

The é%fss formation and magneteic properties of (Fel—dex)IOO—yBy
(0.025 = x =0.25, 5 =y = 20) have been studied. The glass formation was
found possible for Nd-Fe-B alloys with iron content less than 87.5 at%.
The ;esults show that increasing neodymium content (= 20 atX) or decreasing
boron content (= 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 well. The strong increase of the crystallization temperature with
additions of small amounts of neodymium to(Fe-B is attributed to the
increasing difficulty of «-Fe formation upon crystallization. The
reduction of thermal stability at the higher Nd:Fe ratio is due to t&f

. polymorphic crystallization of the tetragonal hard magnetic phase

NdZFeIABl'

Ternary phase diagrams for the initial and final
crystallizatiog producté were established.

The increase in Curie temperature of amorphous Nd-Fe-B alloys with
boron content is gradually diminished as Nd:Fe ratio increases. There is‘a
segion, where the Nd:%e ratio is between 0.175 and 0.225, for which the

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

’ content in the range of 8 at¥ =B <20 at¥. For Nd:Fe > 0.176, the Curie

temperature decreases with increasing boron content. The intrinsic

°

s
9 © 1
3




»

Conclusions ~ 72 ~

@ coercivities of-the amorphous Nd-Fe-B alloys was less than 0.018 Tesla for .
. all compositions. After crystallization the coercivities increased by a

factor of about 50, specially for alloys free of a-Fe.
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