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A Study on Development of Fabrication Technology

and Improvement of Properties for Amorphous Alloys
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SUMMARY

I. Title
A Study on Development of Fabrication Technology and

Improvement of Magnetic Properties for Amorphous Alloys

I. Objectives and Significance

The objectives and significance of the research project are :

1. To develop Fe-based nanocrystalline allays which have good soft
magnetic properties such as high saturation flux density and
permeability at high frequencies. The alloys are widely used as
parts for high frequency transformers, magnetic shielding and
switching power supply machines.

2. To measure basic magnetic  properties of nanocrystalline
FeCuNbSiB alloys. This helps understand the mechanism for
the excellent soft magnetic properties of the alloys.

3. To investigate crystallization and viscous flow behaviours of
amorphous alloys. This aims to understand thermal stability of
metastable alloys.

4. To manufacture powders of PrFeB permanent magnets with high

coercivity by the mechanical grinding method. This new method has



recently been used for the production of the alloy powders and is

considered to be used for other relevant systems in the future.

. Contents and Scope

1. A study on Febased nanocrystalline soft magnetic alloys

(1) Effects of manufacturing conditions such as melt tempera-

(2)

(3)

ture and wheel speed on magnetic properties.

Fffects of heat-treatment conditions on microstructure and

magnetic properties.
Fstablishment of manufacturing and heat-treatment conditions

for the production of Fe.based nanocrystalline alloys with

very good soft magnetic properties.

2. Magnetic anisotropy and aftereffects of nanocrystalline alloys

(1)

(2)

Measurements of hysteresis curves, magnetic anisotropy and

magnetostriction

Variation of magnetic properties with annealing condition,

applied tensile stress and the time after A.C. demagnetization.

3. Characteristics of crystallization and viscous flow of amorphous

Fe;Mo,P1; alloys
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(1) Fabrication of Fe-Mo-P amorphous alloys
(2) Investigation of crystallization and viscous flow properties by
using X-ray diffraction, differential scanning calorimetry and

thermomechanical analysis.

4. Fabrication of hard magnetic materials by mechanical grinding

(1) Effects of milling time and Cu contents on magnetic
properties of Pr-Fe-B alloy powders manufactured by the
mechanical grinding method.

(2) Relationships between magnetic properties and microstructure

of the alloy powders.

V. Results

1. A study on Febased nanocrystalline soft magnetic alloy
We have investigated manufacturing conditions and subsequent
heat-treatment conditions for the production of Fe; sCuNbsSii; B, alloy

with nanoscale crystallites. The results are as follows,

(1} Soft magnetic properties of the alloy increase significantly
with increasing melt lemperature, in the temperature range
of 1240C and 1380°C. The enhanced magnetic properties

may be due to decreased anisotropy in the alloy and

Il



increased number of nucleation sites at the early stage of
phase transition, as melt temperature increases.

(2) Effects of wheel speed on magnetic  properties ~ Were
investigated. It was found that best magnetic properties
were achieved at the wheel speed of 2250 or 2500 rpm, the
diameter of the wheel being 279mm. The effects of wheel
speed on the magnetic properties were explained in the view
point of thickness of the alloy ribbon and cooling rate of
the melt during the ribbon production.

(3) The best magnetic ~ properties  Were obtained for the
amorphous ribbons manufactured at the melt temperature of
1380°C and wheel speed of 2500 rpm. The ribbons were
heat-treated at the temperature of 560°C for 1 hour. The
specific magnetic parameters for the best magnetic ribbons
are © effective  Initial permeability at 1kHz frequence of

88000, coercivity of gmOe and the Br/B ratio of 0.57.

9. Magnetic anisotropy and aftereffects of nanocrystalline alloys

(1) As quenched state : Both samples show almost similar basic
magnetic properties such as magnetostriction, anisotropy
constant, squareness factor, 180° domain wall thickness.

The DA strength and stabilization field of FM are about one

12



halves of MG's.

(2) 300C~400°C, 1hr annealing state : Both samples  show
almost no change in basic magnetic properties. A little
increase on susceptibility and 180° domain wall thickness.
The DA strength of FM decreases while that of MG
increases.

(3) After crystallization : By 570°C, lhr annealing FM shows no
DA, no change of stabilization field with time, about 4~5
times large domain wall thickness compared with as-
quenched state and quite linear minor loop. Magnetostric-
tion decreases to 1/10 of as- quenched value but anisotropy
constant is almost same as as- quenched state. By 510°C 1lhr
annealing MG shows very wide major loop. The coercive
force increases up to 170 Qe. The DA is disappeared.
Magnetostriction and anisotropy constant are essentially the
same as as-quenched state.

(4) The model analyzing susceptibility to the several component
such as anisotropy, induced anisotropy, magnetostrictive
anisotropy due to internal and external stress is examined.
The model works reasonably for MG, but has some

problem for FM.

Characteristics of crystallization and viscous flow of amorphous

13



FexMosP; alloys

We have carried out work on crystallization and viscous flow of

FexMo;P; amorphous alloys. The results are as follows.

(1)

(2)

(3)

When the amorphous alloy is annealed at 450°C, crystalline
phases begin to precipitate after 10 hours. The precipitated
crystalline phases were confirmed, by Xoray diffraction
experiments, to be aFe, Fe,P, FeiP, ¢-FeMo and r-Fe.

The activation energy calculated by using the Kissinger
method were found to increase with annealing temperature
up to 250C and then decrease thereafter, the decreasing
rate being significant after 450°C. The reaction order for
the Ozawa equation indicates that the crystallization process
is diffusion controlled growth by disc of constant thickness.
The thermomechanical analysis shows tha£ the viscosity of
pre-annealed samples is found to be lower than that of
unannealed ones, whilst the ideal glass transition temperature
of preannealed samples higher than that of unannealed ones.
This was explained quite well by using the {ree volume

model.

A. Fabrication of hard magnetic materials by mechanical grinding

We have investigated effects of milling time and Cu contents on

i4



the magnetic properties of Pr-Fe-B alloy powders produced by the

mechanical grinding method and obtained the following results.

(1)

(2)

(2)

(4)

In the ascast alloy, most of Cu was dissolved in the Pr-rich
phase, which lowers the eutectic temperature of the phase
from 700C to 4567. The non-magnetic Prrich phase
dissolved with Cu can then be uniformly distributed on the
grain  boundary during annealing and causes enhanced
coercivity due to decreased amount of defects.

The crystallization temperature decreases with Cu contents
and 1s 556°C at 1 at% of Cu.

Cu addition enhances glass forming ability. This may be
due to decreased eutectic temperature of the Prrich phase
dissolved with Cu which facilitates diffusion in the region.
The best hard magnetic properties of PrisFes—.B:Cu, (x=0.8
and 1.0) was obtained when milled for 12 hours and
annealed of 700C for 30 min. The results obtained are : For

x=0.8; H.=20.4kOe, Br=6.2kG and (BH) nax=7.56MGQe. For

x=1.0; H.=19.5kOe, Br=6.8kG and (BH)uu=10.23 MGOe.
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Fig. 21 The results for the magnetic permeability as a function of
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alloys.
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Fig. 2.2 The results for magnetic permeability as a function of
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alloys.
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Fig. 2.3 Schematic representation of the random anisoiropy model.
The arrows indicate the randomly fluctuating magneto-

crystalline anisotropies

38



22 "o A22)dA Kdd KaE WHsti, Kad o= 4
(2.3)& Wd3sA Kol Wt &8 TE3 22 4& et

2 (24)228 Kg& Dl o&2g%s ¢ % sled o uAl
B A Ka?b %] oE&sivhes A dFdoh. A7) FF Ke
& Bozorth?¥2] coherent spin rotation ZAIFEF Algsted nBAGH H

sAg3 ABAAE BeFd P

_ P K'D°

Hc—_“:m?\_r ............................................................ (2.5)
PM? AP

i U PN 2.6

~ i, K'D° (2.6)

o 7]el A Pt Pe HHAGFEA 14 JM7E & 7HAe Ae=
deix A A25)9 (26)22XE HAHE D uldsz
=2 Dbd] whul#@j gtk Herzer®e| ojald 2(25)sF (26)& D
7} LeXtk Z& B2 AHEHH, FeluNb3iBA 59 4% L.
Tt 3nm AFER Addd. tA 2EE  FeCuNbSiBA w4
ZARAY FZqA ZAAEel =Av7 3vnmrRT Fow BAHLS D
vldst FxAE&L Dol wvhwjdslAdl Hu. Herzer7h AGEd AHEL
48 g8 FTPHAeH ol wWd AHRE 224 UERAAD-
a4y 4§ A%l AAYY AV ¢ 3B/nmET FHoqd
w28 Do wdste, FRPEe AV|IE elmd FAAE B A

2710 M9e ulsl @o] De| b TTh



"_'l\‘. I I 1 I
{1
v, ‘
10 va® AR, -
v'A “a 1/D
) ~
He a N
14 06 w 2O q
(A/cm) v O'\  FeSi6.5
bo d\ o
0.1" 34 D\\ ~
me SONiFe (.
i nano-— Q
T §° cryst. A n\
- ! erm-— v
0.01 amorphous " z“or;\ AAA N
L
0-001 1 I 1 1 ] ] I
1nm Tum 1Tmm
Grain Size D

Fig. 2.4 Coercivity(H.) versus grain size(D) for various soft
magnetic alloys. ((A) FeNbSIB and (@) FeCuNbSIiB,
(@) FeCuVSiB , (M) FeZrB and (W) FeCoZr.

Ao ¥SE ue ol a4 ARY @EAA I
¥ 4Ae ARYe vl 4% w4Rn, Fo A4 4L

27l e AFHEY PlAFsE wE=Al Yasith

A3E 4 & %

1. vdd #&e Az

7b HAE g2 Az A

%H& 9 (single roller method)el] 2]3F HAA FrL A 57

40



gade 121 g 2HE ALty A% LAFA, &4
AzE WAt £®¥E EE2AA7] 1Y inert gas(E ATolAME
Arg A9 AolRAK 2 x=EE Fitod EEHe $¥E I35
euA77] A PAegE 2L ags HHEEEE Adste FAL
NEHez Hasth B ATANN ALET AXe AFzE 1925
of iebdiich

2yEe  ALdstyl Astd AuEyg kW, FHs %
100kHze) nF% HESHZ(FAALE ADE AL =71
2% W74 13mm, 7% 15mme] Hg@g Agsdon, HI&Ee
st e fEro] HEHEHE AHHo] 04~08mm AHAxA =FF
93 HHzE 7FI}A. £%9 2k digital FE el pyrometer
(22 Minoltar} Model TR630A)E Alg3lel ZAsiyoh

W8 g2 dAdAgASer & oFoE AFXsded AAHAH
oz g3, Fx 2 @z} F JAAZIHEAG. €9 FL A
40mm, AR o 279mmelth. Eeo HAL E9 JAKLZERH
489 WA&Eme HHPAQA Q@] Je g9 A AEEE A
Asted desinz yagsA 2Rk v AVIMe E49 4
zg ZAY F FEE YyojFeozy Ttk o ¥ZA4E €
& FPAANAY st Hd FAEErE 6,000 rpmd A FAE
(Nikki Denso Co.#], type N-715, controller NPK 80 type)Z AM&3t%l
t}..

w7l % -E3E 9std 0 2E9 #HAA/E 25mmeli

Aol 99kgf/em?Q  air cylinderE AH&3+gw=dl, ©| cylindere

43



Controcl
Panel
Air‘ _—I——‘::. T
Cylinder A= N,
Ca Solenoid
P -Valve
Quarkz
Tube
Induction Frequency
Coil Gererator

Coupling / Power
-
Mlc))%or W*%

:H] Supply
R .

Die T

Fig. 2.5 Schematic diagram of apparatus used for manufacturing

amorphous ribbons in this work.
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Fig. 2.8 Maxwell bridge and its equivalent circuit
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Fig. 2.14 Variation of the remanent magnetization
with temperature. The arrows indicate

the Curie temperatures.
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Table. 2.1 The details for the ribbons showing the best magnetic

properties.

composition 1 Heo. 1kiz B,,(kG) |He(mQOe) | Br/Bi | structure
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and squareness factor S with applied tension ¢, and

annealing conditions.
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Fig. 3.1. Major loops of the samples.
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Fig. 3.2. Torque curves for anisotropy measurement.
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Fig. 3.3. Magnetostriction curves for the samples.
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Fig. 3.5. Minor loops of MG measured with pulse method.
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Fig. 3.6. Minor loops of FM measured with pulse method.
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Table 3.3 The slope m in the equation(3.1)

Sample MG FM
s AQ 400°C,1hr AQ 3007C, lhj
0(MPa) 32 1.3 1.5 0.3
16(MPa) 3.1 0.7 1.5 0.3
32(MPa) 2.8 “ 1.3 1.1 0

dxget HEFY g0 9t Hert BF FAhIH 7E&7]
mE A2 Ut AAsFAE F O AIE FF constricted loope

A9 gloARZ Ik glolzrh
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Fig. 3.7. Time and tension variation of stabilization

samples.
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Table 3.4 The slope n in formula(3.2)

Sample MG FM

% AQ [400°C,1hr|510C,1hr | A.Q |300°C, 1hr {570, lhr
0O(MPa) | .6 1.3 0 0.7 0.5 0
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e
o,
(i

Ho] DAx glolzld.
(3) Minor loope]l =4 &4
olare] APAFEZ sMsty] st AFHE xe ol oA

2 Avuc. AsHPe HAAsted Age] oFes #FAG ©

98



20— MG 400°C thr

- _M3as

(10™)
T
4

i

FM. AQ
O (=)

6 (o)

32(4)

QO

FM. 300°C thr
Q.

16 o
324

F=p
i

FMS570%C thr
32
0

Fig. 3.8. Time and tension variation of reluctivity of the

samples.
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Table 3.5 Several characteristics of the samples. The values of Ki are
at 0.=0 and t=240S5.

Ki*

E Ku a 0. |¥5 4a, |or/oo. b n
AQ | AN

w9 (kJ/mt | kJ/m | 1072 | MPa | kJ/me | 107 | 1077 | 107* | kJ/m* | kJ/m?

MG 90 1.1 25 | 17 0.59| 14.1] 5.5 0.6 | 0.51 0

FM 60 2.6 22 | —411—0.12 —44|~13| 0.7 | 045 0

71y MGel yrgdEe 17MPaolv o W Adel olFAd

1] A —g—loo.—‘:- 590 J/mre s Kuel 1100J/mee}  wis:gt A7iol™, ro
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Fig. 3.9. Time and tension variation of 180°
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Fig. 4.1 Xray diffraction patterns of amorphous FexMo:Py; alloy
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pre-annealed at various temperature for 10 hours.
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Fig. 4.2 Activation energy of crystallization for amorphous Fes

Mo;P;; alloy as a function of preannealing temperature.
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Fig. 4.6 Temperature variation of viscosity for Fe;MoP;; at a

stress level of b MPa.
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Fig. 5.4 Xray diffraction analysis of 12hr. milled Pr;FeBsCu,
powder, (a : As-Milled, b : 500C, 30min ¢ : 600C, Ihr.

heat treatment)
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Fig. 5.6 Heat of crystallization of PrisFexBsCu; power at

various milling time.
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Fig. 5.8 Heat of crystallization at various Cu contents.
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