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Study of magnetic properties of mechanically alloye

Co-Zr alloys

Jeong In-Chul

School of Materials Science & Engineering,
Graduate School
Pukyong National University

Abstract

In the present study, GR.xZrx (x = 10 — 40) alloy prepared by using a mechanatlying
technigue was investigated in order to reveal theacivity origin and the magnetic properties of
Co-Zr system alloys as a function of Zr content Hredannealing temperature.

The alloy containing low Zr-content consisted ofaege amount of fcc-Co phase and a small
amount of CegZrg phase after annealing, and the alloy could halaively high magnetization
and magnetically soft feature due to the high Cateot. According to increasing Zr- content, the
amount of fcc-Co phase was decreased and the ammbQubsZrg phase was increased. Moreover
the metastable G@r phase appeared and then the coercivity was dgerk Relatively larger
coercivity was obtained at the alloy compositiorCa,Zr;s. According to more increasing of Zr-
content, the amount of fcc-Co, £, and CgsZrs phases was decreased and thgeZ€Cphase
appeared. In case the Zr-content is 30 at%, th€fcand CegZr phases didn't exist. The GZrsg
alloy consisted of mainly Gdr phase and negligible amount of £#&rs phase. In case the Zr-
content is over 30 at%, the £drs phase disappeared. The ,Zo phase couldn’t have the
coercivity because it is paramagnetic phase at reomperature. The coercivity was obtained only
in the alloy containing the Gar phase.

The C@,Zrigalloy consisted of the fcc-Co, €&, and CgsZrg phases after crystallization. The
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maximum coercivity was obtained after annealingraund 550C of crystallization temperature
and the corecivity was decreased according torttieease of annealing temperature. The material
was contained relatively larger amount of theZqhase and fcc-Co phase after relatively low
temperature annealing, the amount of these twogshass decreased and the amount g§AZg
phase was increased according to increasing ofaéinggemperature. The coercivity depended on
the amount of CgZr phase.

The CqiZr, phase reported as one of the candidates of thee rhagnetic phase in the Co-Zr
system alloys did not appear in any case of thigystThe fcc-Co and fcc-GgZrg phases are
ferromagnetic phase but these phases did not shevhard magnetic property because these
phases were formed of multiaxial cubic symmetry. tBese phases couldn't have the hard
magnetic property. The coercivity appeared when GlagZr phase existed and the degree of
appeared coercivity depended on the amount gZiQuhase. These results indicate that the origin
of Co-Zr system alloys is the metastableZgphase. As a result of TMA, the Curie temperature
of the C@Zr and CesZrs phases were 6668 and®8 — 570C , respectively
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Fig. 2.1. Development of permanent magnet materials
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2.5 A7)0 ZFA (Hysteresis loop)

22k el = A AR 9 WEFor AAGS vhekd Aol wEkE wet
A Zpsb 7 deojupar Z4ske] A7) 9FelA Thell T Aol Aol wlEste] Sob
Cid= IR S S I I R i | B e rd o i e e B o S g o i = ] B s o
Al okar E3; A Tttt o] we] 23k ghs x£3hAtsl (saturation magnetization)
T z4ka3}l (spontaneous magnetizatidh)l 3HCF EhAb AbeEjol A E3FAF3E AlE] o
|27 7FA Y] S Z7|AEFErAl (initial  magnetization  curve) &2 AU AF3E A
(virgin magnetization curve)z}il F-2t} (OABC). G 7-AHA 9] AH$-, E3}o] =E3 &
7vall A 2] AZE AR Fo AdE AASTE zst g 27 s A
25 webA FHaste] e g AR sHEob 7hes Zlo] ok, F9lel Tt
Agol gl AT dF 2719 A3 ghs zheth o] W At gk S, F9lel
7Fl R Age] gl AEHIAlA e At ghe ZFAFE (remanence)tal $HoR(D). HEAF
st el A Ao SAE RHAAA S The FE AE g ARAstERE A
Az ghasto] oo merdheh. 243k gho] 0o] HII7FA] 7hal S RbAPEY] Al7|E B
A4 (corecivitypel kil FTHE). W) WEFom A AlGHA SIRATIHE A4Sk
o o dojupa Aol AxE SR whet X3RS Aol =ttt 23}

of BEE F AFE Al WAAAN b FH ASE GHE AU A% £33
el Egath g o] Agel W mE Ak FAe £@e I FHL
gtk ol g 43t

T

curvep| et st
=g

F8HEoko A o] 3t A3k M) o] AFF(H) FARTHE AV HEB) o AFFH) =4
o]l ¥ ¢ fFE&3tA AFEHEI Atk AVIFEB), AskM) 2 A (H)ARe] o] #A =
ol 2} ZTH(Fig. 2.3).

B=4aM +H

ANFE B) o A (H) FANA e B4 Aol 00] B W A FEE

P75 (remaneceftil & M o) H 413 B o] H 2349 HAES 231

N

¢

LS

Z} 1 BAFE (intrinsic coercivity;H), +5 X A8 (induction coercivityyHo) ] 2L
o S Aol B feiA = BAE 3 AFRAEE 7 ofof gtk 2prjol
Aol 22k el A BRE HE w2 A S B Al7lEdH o oyA|ef st
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]
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G A A B HO w2 BH)max 7F F55 #4714 Aol ¢-3lth(Fig. 2.4).

M
Mgf--—-ommm= =

Fig. 2.2. Initial magnetization curve and hystesdsop.
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M=I LB B-H curve
M, B, 2
A

LT
SR

Fig. 2.3.B-H curve andM-H curve.
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2.6 Z}¥H] (squareness factor)

150 gFAA o] FulEfor & thE A EA = 2] (squareness factd®) & T
Atk ZA@uE G243 " w9 7 AA Y A S Bk dl &k AHEE
t}. Zt3H] = 90 % remanenceB()oll d@EtE AARE (HOT T8 HAHE (H)#e) b
2 4 ‘JE‘r(Fig. 2.5).

Z+gH] =Hy/iH,

ofe b 2RO $4HIL Yr FTA
A AgE I gons w2

% kg4 s,

2 53] Jhza(demagnetization field) o
A7 e ZuzE 19 Tk

B-H
Br
90 % Br
-H
iHc Hk
(a)
B-H
] Br
90 % Br
-H <«

iHc Hk

(b)

Fig. 2.5.B-H versusH curve showing squareness factors.
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27 A9 FF

2.7

.1 ¥Ex}FA) (Diamagnetism)
A7) B

W E (magnetic moment) 7]¢]3} a2 Foll A HAE A A3 (spin)
ol F WAl gAY FE5 I EsE DAY obital angularFHIEo] 3, Al W
A= qRAA | 2siA F- ¥ obital momerglth o] £ 27 Al WA Qo] o s A
diamagnetic A 5= "¢ oF&t A3t ghs debdie 2 Absk S 2] ARl dist
o &9 #S etk webA diamagnet] A13HE& (magnetic susceptibilit =2 #k
S HAW g E A o7 10%)] 1} diamagnetisn thS 3 Zo] AME = Qlvh
AAe Fo5 55 1A obitak- AlAES 3l obital plane> A}A 2] W-Ek
of A= MAkEEo] FAA ] FoAZIthE 25 A Foll tigte] & thE 3
ee WA o] w e Aol ofsiA FE¥ orbital & A2 el obital
L 2 3tz A7) RUEE o Ao ek gk v ek

o] ®r} oA ]l diamagneticE A 2+ Cu, Au, Ag, Bi5°] 3lth

rlr
ko

2.7.2 A3 (Paramagnetism)
paramagnetismll A 2] 2tsh= Aol vlesto] F7FshAINE wi-g- oksh A4t ghs 7R
t} wkek Jhe) FE 2ol githA paramagnell 92 moments Hl$ S LT o)A
TodA usbel oA FAAMSA widste] A3tE ST paramagnetl AFsHE
(susceptibilityyy= 10°~ 10° J ol %o tjste] whald] #AS Zh=t).

x=C/(T-0)

©]7]A C& Curie Zdrolv 0 &= 2ol st FFEA P, S5 E
AUtt Curie M1 &5 W= E4 A ¢ = 00l 0 71 SF5d v gy

=
I = e e B I e Eatcin s

2.7.3 XA (Ferromagnetism)

ferromagneticE 2 9] Ax}o] #7] RHlEE M7 e weog APy o] Q7] wiE
of 9]F-9 Aol gloj Ao w zstE o] vk, wieke] 2EE AFAIZIHE A4
aekel] osto] ferromagneticd d FE7E SEHAM AEAS s 29 G/ AT

o 257 9% el Adatstr AdE we] &2 E Curie =%=dtal §hrh

1906 Weiss= ferromagnetisng& 2 3t7] ¢]3te] molecular field 7Hd & sttt
ferromagnetl= #stell Bl#st= Aol EABA o] Ao] o] g AAEC] A
RHEES e wgo 7 AN A3t Weis] ©] 7HE 2 ferromagnetisrfil

24
=
718 dJAS & dge] o 17 4% molecular field] 24 1912 AwE =

i_.

—

5_



AT
I8}, 192723 Heisenbergs FAFAE olE2S wJet] AF7HA & S gldd
molecular field®] A Q1S & Awstqlth. 1+ ferromagneticE & oll= AAHE Alol
o] 43 #gS dOo7)+= coulomb forceolYolE T thE o] EAFiaL ST
o] 7% exchange forcg il &3t} exchange force ©] %3t AAE529 #7] momeng %
ko 7 Ueks] e A7 wkt) Weko 7 AHYA 7|75 S} exchange forcd -
3 1 E4o] ferromagneti€! %] antiferromagnetie! 1 = A3ty 1 7= E29
Curield & #-9-3tt}. exchange force A& Aol wal 7 319 2Hg-o] wjg- 323
A bojx 7] wiitel] HAA LA o] 1 o] w A FEEhrh. webA ferromagnetisl
A 27 RHES Az Aol w9 vizkstt.

2.7.4 #|B] A4 (Ferrimagnetism)
ferromagneticE 2 oAl x}2] #17] RHlEE RE
Mz dhg ke R FEsta e BRE F oojx o Wk
ko] nwES] sttt At} ferromagneti A o Akatsl= A
g9 ZES 219} 7t} ferromagnetismi A= L7} Abdlo
gto] Azt RRES FHLE =qrHEAA AdAss fgast 2%

o] Curie ol et A2 EHE o AHL s8] EHsiAA AdAsts

B g

ofN T
=2
ok
o
|o
il
T
&)
ol
o,
i
L)

- 9
%0,

il o
1o o o T

fo
i
N
)
n)
Ho
oy
ol
ol
ol

2.7.5 ¥AA (Anti-ferromagnetism)

anti-ferromagnetismz 2 ¢] 2 EWlE= FAs 27|10 EWlEVF A2 i Wgo
2 40| gt} AntiferromagneticE 22 %71 Aoded wet AeE2 SUbska
AAl2% Neel temperaturd] 4] # ] 3tS R0t} Neel temperatured] ol A= dx}2] &
HEZE Eqtd Ao r Jdyo] Ash&e Fadt)
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2.8 A (Magnetic domain)

A AR E B Axo] 27 RHEV 2o wagoz s FdHo 9
ok ApEApsiv gk wEkow ueks] FEEo] gl & e rHel s d9E AT
(magnetic domaimly. F-Ett. 2y AR AzEel= olgst A W9 fFol e
Fool EAsHA ke=th o)A AR A EHEZE 44 oA 9T ueow
HA o7 AGE 7] oty AN AR =@ @ AeHE AT zhzro] Azt
A qUuAE A A7IE AA A s2E AV TR g wel, A
How A7) HHlES] Fo] 0 o] HY] witolx] Y=o A7) RWE I AA|7F

e
={

A BA 99 &, s Ae o E A Aol AAIE A (magnetic domain wall
T+ Bloch wallelgbal stoy. A4 x7] oA oui#] (magnetocrystalline anisotropy
energy}= AHH ol FAE Fol#al dHA| W W oA (exchange energy) A O] T
AL S7HA 7183l gtk o] S 7EA] AdNbE A7) ol oA g wgk Oﬂﬁxl
7F 8 E olFE Aol A FAVE AP R dubAow, AW gl o] 2

A SO o]FolA St

o] & o] AppR olFojH 2 dAA A A=/ kA magnetic energy = ©]
7] A A AEA o R oY e AR diolA e o shAIRE e #obd
= itk ol A2 & IHe A UE o e AR uyo] Xokd o] uf wirh Zbzb
Aol @A Ear, AW WA o] FrFEeE i ouA|= Frher] wiel 7
2F Arele] olUA 7t ¥ S olFE wl vl EA AR A77F AR E 7] wol

o 1o 4y

E=E_+E,=17M2D+yL/D

(Ems : magnetostatic energyyfs : magnetic domain wall energy)
D : magnetic domain®] 7
L: A4°] 7
swall ¥4 I domain wall energy
dE/dD=17M2-yL/D?=0
= yLI17M2
E=2/1.M™M2-yL
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2.9 Z3}2] A (magnetization process)

7z e] At A o g7 E31A13) (satuation magnetizatiomd)7FA AF3FE o] QLA Wk
ol A Abgl Wk M2 thE7] ulifof ferromagnetic materi@ Ao Z &
23} (net magnetizatiodd YERAA] E3ho), QoA AHS 78] 9 ferromagnetic
g A3t =1, 24k S 2F Ao JEAErr s =t A e oAk
(multi-domain) AFefoll A A4 BE7F 22 wgo g 23tEo] Q= WA (single
domain) J el 2 A== ol & 5 Sl

Aol 7y el wekA A7) RHlEZE Zgat Fae] b A s d s A a1
o® AAsta Age] WEks UsbshA s Aate 2 d9o] HaHo] AAAoR
st F7keke Ao S A ] ol F el oA o] Folxlth. &3} Fho] E3lo|
7W7k el whek AR AR Tl ol dolubA] ¢kar, Esbell mdehr] SlEiA e
A W e] A7) B EZE A} veket ko 8 dstofof gt

ol

2.10 Z2AA}7] o]HH] (Magnetocrystalline anisotropy)

AR o|uA ol AREH LAMFS = AzolA oW o W (F3 &
o] W&k Easy Magnetization Directio®) 2] #3}7F ofE wgFo g Hrl ¢ 2 dojr}
RS Dt A7) oW F=2 spin RHIE S obit RHIES] couplingll 2]
g AoAgor dojdth fFAAZE A sping A wiEFAIZIE 2] orbit B
& A wigE =4 orbits Ak} ZAEHAl couplingdo] o r® FHEHE spind F
SobA] ot Agetth o] A7 Azt §o] WakelA sping] F& 3HA7=
23 oUAZ AFA7)oA oA (magnetocrystalline anisotropy energly).
2 spin-orbit couplingz =E3t= o Qs U g gk = 23} go] W
dal = A4 AEAES SFAA ) sds HFor A=
o1 %
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2.11 BA¥ 7] (Coercivity mechanism)

A
Al

Aol QA vAT A7) ud 2
&3} go] Fola.

ly
ly

ZFel a1 RAFE (instrinsic coercivityy= th

iHc = 2K /Mg

Ju ARAor HAYS AR A7t AdTE F43%] "olAe s #EE
T Ut oA ® ol AF Alolel= F =LA S =

3tt}. Brown's paradok 9 A7 (reverse domairf) 3 A3} 2w o] o] <3t =3}
o] ¥k (magnetization reversg)® AT 3F 4= Qi oko] AS Aglo] Gl &g
B AYs AAZ s Bo)ARE AA AL ALt FF, ¥4 (crackyt pit T ©]
2] 7HA Be Ads 7P S R okvet AR ESE Eaf AR Aotk uhebA
AA AAel= Aslo] o3t Wk (demagnetization field) <] 3tc), whapto A z}H
o] & S Wxpgol EAleE A delA AR AT oA AdE A
& 9 F-A Heith & AARE Ao o= A4 AAZ g4 olFdl & F+ AUtk
OE o w, Ao aiggate e #gske A AH Y olFs Walste AHE
stoh. A7) oA ATt vl & ARl E Aol tids] gk

o

o
e A% Ao ua R A5 ¢ vk 2R 49 F4G A
&
=

pas
=
o
pH)

[o

Brown's parado®} il

9% ggetel nAYL FaAD FE An Aue 1% e 4gse] 258 w
A e FL FE ATk AwAow, 2 AR AR 944 A gain
A4 AFge AW o5 Pk DA Agat
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31T A E Ax WY

B Ao Co-zr A 329 AAAGAS Folsta x7d EAS BAE7] 9§
HE Y 7te3d 5 A5 e vA 724 2dd98s J43 & 5 e gl 7t
TEAoR 7I1AZA T (mechanical alloyingg: AF&319] Coygo.Zry (X = 10 - 40) T+
= Axsto] AF et

el 241 Coo.Zry (x = 10, 14, 16, 18, 20, 30, 40)

d

NAH gEHeld 7 Ax A 98 F55S §1 o4 st g AE
At Aol W= g 948 F%5ES high energy mite AE-3te] wAISH Bl A

(amorphous)J el 9] k2 EA3} A7l & ojd#dte] A3 Al FEFS AxEE
SH ot

Co +% (X 999 W Zr +% (% 99 WIS xiITE Ar (&
99.9995 %] 4+ gas F¢]7]1 2] Fe]H vl oA steel pot]l A7 128 mme] A3t Aew
steel ball # 37 AA3A Tt o]w steel balp} 98 <5 2o v &L 20:1 0]

45 5% 229 FAE 6.5l

A8 F% Edo] 499 pot= high-energy shaker mift AF-g3lo] olg] A7+ 744 &
ok shaker millingdF2 . & A 9] miling 2712 27] $l8ll 5~ 4rI7FS] A7 B ellA
milling¥ A3 20A7Fe] ZelA FEgk B35t ojH ATty ddEw AL TP
AE&AA Aoz FekEo] BE miling A7 2047k 2 st AE skl
millinge] €4 % WA sl7] 9lske] S8 H vl Ao A cyclohexanel 4

MR AR 3

>,
E\L
lo
>
il

RULSL WS W Y

3.2 Az} € &4 (Differential Thermal Analysis: DTA)



o g7lel del, ¥ 242 e 24 Seld 799 LEE AP SEE AU
deleA, T 2 Aol LEAE A%How Sqste] AR LEws BE o
4 Wse g9 BASE Aolth A gl mE o A s 4/Y L
A5 vehje] Fo mi wawgos JSHn

milling ©] 3
lato] Alab A B4 S sGlth B Aol AREE Al d EAAEA = Ktype A
tf 270} 2179 (inconel)E THEo1Z crucible ZHE %] Stk ZF crucible K-
type A9l ZHz A8k =Y F dhvbis Fol H]olSli= reference] il Shib=
sample holder] t}.

200 mg] A1# E2-S sample holder cruciblesol]l 9] 3t} DTA chambertj#-= 3 x
10° mbar] AF #9715 e O3 Ar gass T8 4 1.1 bael Ar 7=

R 7 C/mine] A SRR A Sl

3.3 4 #A7] ¥4 (Thermomagnetic analysis: TMA)

AR % £E2 71 T8 Y489 S W 250 wpE A|H #3gk WEtE
wAste] T, 443 2= 5 4 A7) 4 548 & 4 9tk XRDSF DTA 53 g
Ak AR, e 2 B4 5 28 W7 vg Eopdtt

milinge] £ v Ao 37 22 7t 2= H ofdy A ¥ Al| g
A 2] A B, WS X B4, A8 24 58 Y8 d A 2R E o] £3)
o & A7) A st

= AFeA At d 2] A FA = FTA S AHE-SE thermo-gravimetry typ#l
gxjoltk. Aldel 7hal%l 0.6 kOe] A shel Al A2 ztshgl WhE FEFo] Eojvs
A& o] &sto] o wE Ao ArjA SAS BAET TS &4kl AlE
o] AR FRHE FAT F lon AU AL Aol Fol A 7he st

120 mg] Al E%-S AZ holder] %<lgch chambert]F-& 3 x 10° mbar] ¥
B7)E W= 5 Ar gass Y3 400 ce/minSEE Ar gass S HuUE B¢
71l 7 Cimin®] 7S ==

ofd®d F9 AL &4

_]
98] 150C /mine] 719 &%

il
cll
T
N
)
e
e
>
~
M
1%
)
=
=
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3.4 ]9 ¥ (annealing) 4]

milling3t ¥ 2] H]g4
A Ab3E

g B

a7st 217171 Shall old® ATk od¥™ Al

W28t 7] 9)3ke] cyclohexanel]l A2 ZAJE|Z stainless steel fait W&
holderl] ¥ vacuum chambefl 3] A1Zth 2 x 10° mbar ©]3t2] AF 27171 2
T 71 it od® 2% AR E 24 (DTA), & A7 24 (TMA) oA &<ld
e 25 FFoa ofdd 2kl wE maE FARsZ] $1ske] 500 - 1000C T+
rew WA AP 7 od® &k H AR dEs AstZ] s of ey ARE
27 (0-3A1he® ofdg 3s3ich

3.5 XA 3]A (X-Ray Diffraction: XRD) ¥4

milling 2%, 7t 2%, AlZF ¥ o) d® §-9 & 437 §18ke] XRD 4 Al
Stttk XRD 4 Al AME-3l radiation> Cu-K  Alo]™, A} M 9]:= 30 ~ 80%
At

3.6 Al AFY A4 FA (Vibration Sample Magnetometer: VSM)

VSME Abgste] A71E 54 5% 8l F7 ekl miling A5-9] 271# 54, 7
£x g AR ojdy § A 54 52 Al

VSM sample holdedl 60 ~ 90 m@] Al

AlH o] milling A%, 7+ 2%

17Ty T
(High Resolution Scanning Electron Micro
7] glskel A Fol Al
stol A2 s o 1 shEg
=

H ko
T~ ==

H ojdd

He A9leta mekaA g (paraffin waxg AHE

olgste]l AA A7 F AlAd 15 kOez
A]%O]Ei ;(]'7]&} HH%(‘,}: (a“gn) :ﬂ]_xé]_% /\g%}:

ke,

} (Microstructure observation)

3k 2+

Fo w24 #2E 98] HRSEM
scofeph8 et 1A win-o] A A2t

cyclohexanell Z41 A2 5% %<k shaker milling

Fatol Uy AR mep

U R = i
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4. 43}

4.1 CauZrio &

Fig 4.1> 717414 & HOo R A X3 CoZrp T 29 DTA curveE HojFt} A
2 T3+ (500 Colsh) el Hlal & peak> Atsh wkgof osk ZoF dvk HTE 615TC

Aol &= HelellA okdh B Rkgo] YEhkit

3

2 -
g
o
=  1F
3
38
I—
g Or o
= 615°C
- |

1k

" 1 " 1 " 1 " 1
0 200 400 600 800

Temperature (’C)

Fig. 4.1. DTA curve of the GgZry, alloy shaker milled for 20 hrs.
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i, tracings LERHATE

CogeZrip Tl AFshs thE A9 Fael vlal Aid oz Eghomn o= Aoso

3 dsols B skal A%

]l 243kl AeE Kol olfr= TMA 4] Al Alde| 7hal] = ApAo] Adow

FAebEnt, ok AlHe| hs) T i Aol Ao AstE 23
o

=
of o]2A & & 3l A7 o3 dAde HolA ¥il 2k el wE A3k

-n
Q@
N
o H%
~
X
o~
%
al
¥
o
i
2
N
rot
O
&
N
5
%
al
S
d
1=}
1o
_|
<
- >

Zave wel Ao sto] A7 dojytor
o9} &7 AAA7| o|WAlo] ZFAasle] 2] RWECQ H|do] doji} 23l AbLo]
oo 2Lt A B

¥zt & 530 CH-Zoll A Tb UEbRHh o= CopZred ] T2 deheth. #43to] A%
=z

Magnetisation ( arbit. unit)

\

\

\

1}

]
]
]
]
!
/
)
1
]
|
]
]
{

heating curve
- - = cooling curve

1 | 1 | 1 | 1 |
0 200 400 600 800
Temperature (°C)

Fig. 4.2. TMA tracing of the GgZr,o alloy shaker milled for 20 hrs.
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Fig. 4.3% 71414 &= WOo® Ax3F CaeZr T 22 miling 259} 550 T,
700 T, 800C 2&-7F o]d¥ 3 59| demagnetization curé@ UEFWITH AAZH oz A
A 5AE molom WE AF vAd AdEe AES 15 koe] AgstelA 130
emu/g J =2 Agts 7HRAL ol d®H S AlEES 2k Adaglo]l 120 emu/gE =9
A4shghs et B Co el s & Asake 7HAE o] 249 FEe o
ddo] oa Cooll mla] #F3lgko]l W CopZrgdol 23t Hoj olgjdt dAlo] et
W o7 ®Helth

150

g ‘....mo'oxﬂq-o_...x-.... o
(o))
~
=
) 100}
N—r
c
2
©
R
@
2 5ol
o)
g = = — as-milled

—— @ 550°C(L hr)

—— @ 700°C, 20 min.

— @800°C, 20 min.

1 \ ' |

0
-15000  -10000  -5000 0 5000 10000 15000
Applied field ( Oe )

Fig. 4.3. Demagnetization curves of the mechanjicdlbyed CgyZry, alloy

annealed for 20 min at various temperatures.
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ot

Fig. 4.4= 71414 &= WOo& AET Coplrp e === 800ClA 2083 ofd
F 243 XRD patterrs WEFHTE o322 fee-Cod @t m &S] CopZrgdol &
=3

=

A

=0

o Co(Cubic)
_ = Co,Zr,
g
5
._'§
2 °
P
‘0
c
g
= u ™
° L an °
30 | 40 | 50 | 60 | 70 | 80
26 (deg.)

Fig. 4.4. XRD pattern of the GgZr;q alloy powder annealed at 860  for 20 min.
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42Cqlryn &9

Fig 45= 7|44 &% oz AX3 CopZrn F+9 DTA curveolt}h, A& 71
(500 Colsho] Hal & peak> Atsl whgof 9Jst Zlow ek ®u}l 550 Collr o
HE§-o] YEbU 587 CEA A & peaks H.QITH

3

2 -
=
>
= 1}k
o
L 587°C
|_
g Of |
©
o

Ak

1 1 1 1 1 1 1 1
0 200 400 600 800

Temperature (°C)

Fig. 4.5. DTA curve of the GgZr,, alloy shaker milled for 20 hrs.

Fig. 46> 71414 &+ WOz AXT Colrp Fa 29 miling #5¢ 550 T,
600 C,650 C,800 C 263t od¥ 3 %2 demagnetization curve “}+EFSITE. milling
A% vgd Ao AlEe 15 kOoe] Agatel A 90 emu/gd £ Apshaks 7HR T
550 C 9™ $ 67 emu/e = Akstgto]l Al fraskdar 18 3 BAbg o] yER:
th ojd® %7t Asdtel wel 15 kOe AHake] Absbghe AabA o ® Frlekolal

B A} @ié‘}‘ﬁﬂr. A 5AQ wAF Al 550 C 19 F FAAdol A%
RS el 01% T7F S sl wel AR o2 E1 ARG S ST
sto] HAHo]l TAadh Ao g FAEt Fig. 4.7 Fig. 4.65 Eujst 1ot}
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150

2
g
S 100t
c P
i)
§ - = — as-milled
b e 550°C, 20 min
€ 50F ——600°C, 20 min
% 650°C, 20 min
= ———800°C, 20 min
0 1 1 \ ,
-15000 -10000 -5000 0 5000 10000

Applied field ( Oe )

15000

Fig. 4.6. Demagnetization curves of the mechanjicilbyed CgyZr,, alloy

annealed for 20 min at various temperatures.

—~ B0}
2
=]
e
D)
c
i)
T
f’:’ - - — as-milled
Q e 550°C, 20 min
% —— 600°C, 20 min
s 650°C, 20 min
———800°C, 20 min
0 1 1 / 1 1
-1500 -1000 -500 0 500 1000

Applied field ( Oe)

1500

Fig. 4.7. Demagnetization curves of the mechanjicdlbyed CgyZr,, alloy

annealed for 20 min at various temperatures.
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4.2.1 C@Zris &

Fig 4.8> 71414 &5 o=z AR CopZre TF=2 DTA curveolt}y, A2
(500 Colshel Wil & peak>- 43} Wh-gof o3k Zlo@ etk Erh 550 CollA]
S0l YEl 577 C Aol 2 peaks H.QITH

577°C

delta T (arbit. unit)

_2 L | L | L | L |
0 200 400 600 800

Temperature ('C)

Fig. 4.8. DTA curve of the GgZrg alloy shaker milled for 20 hrs.
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4.9= 71417 = HOZ A X3 CopZrig o w22 TMA tracings HHEFHTE
7td FAelA] AshE 550 T A2 EeA FAsHA skl o] A 3= DTA
A gbg =9t dXEY A 2xdhs AE YERdTh TR 22 24
A4s ® 42 o] TR %2 R oA 7] kel ARGl A3 =
= ] q ¥

=
342] 535 T oA CopZre’d

= AAE ARz Aol AstE dA dd 37
b ek W7 $A) mepoR mob 800 Tol4 T.E R Aol EAsH:
Aoz o}
— heating curve
= - - - cooling curve
S
§
©
c
§e)
IS
2
©
c
)
©
=
CIOngrG—i

1 | 1 | 1 |
0 200 400 600 800
Temperature (°C)

Fig. 4.9. TMA tracing of the GgZr,g alloy shaker milled for 20 hrs.
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Fig. 4.10% 7IA4 &= WO Axd CopZns ¥ =22 550 TollA 2083 4
3 TMA tracings YERATEH T, o4t £xoa AAstE A AA3se FA)o] =3}
& st A4st 22Xl 2023 §A Alel TE A A AAs Ay
e Azt Aaddor g & ¢ QT AR 2Rl §A F E AT

A

el emeld Ashe Ao Ashs Telske exvt gl mek AskE 3%

o

o

£
>
5
©
c
o [ ----=- ‘)—(_'
E = = =~ -~
) ~.
@ N
c .
= \ ' 20 min
= ~d
s | s | s |
0 200 400 600

Temperature (°C)

Fig. 4.10. TMA tracing at crystallization tempenawf the Cg,Zr;g alloy shaker milled for 20 hrs.

Fig. 418> 717414 &5 WHOo= Axd CopZrs &= =22 miling 252 500 T,
550 T, 800C 2&-7+ o]d® 3 F°] demagnetization curg YEFWHTE milling 2§ 1]
44 ee] AJHEE 15 kOe] AHskell A 104 emu/ig =2 AF3HgkS 7Hxlth 500 C
old® g AWML 91 emu/g =] AskS 7R A 5A4S dERRh 550 C
ojd¥y 3t AJHL 15 kOe?] AHgatell A 75 emulgd =9 #H3gkS 7HF a1 30 emu/g®
Lo zFArstkel 1.2koe] BAE S YERYSITE 800TC o™ §F A 90 emu/g™
9] Ashgts 7RI 0.4 kO] BAE S YER LT
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150

—_
o
~
3 - e
£ 100+ Leemm T
(¢))
| —
c
i)
®
R
<+
8 50+ — — as-milled
% ——500°C, 20 min
S e 550°C, 20 min
— 800°C, 20 min
0 I / I 1 I 1 I
-5 0 5 10 15

Applied field ( kOe )

Fig. 4.11. Demagnetization curves of the mechalyiedloyed C@,Zr;5 alloy

annealed for 20 min at various temperatures.

Fig. 4.12= 71414 b WMo® AxE CopZrsdt =2l oJdd =9 AlRte] uhE 1
Aol WMEkE dehdith Al2E CopZre®tes 525 Colste] 252 ofdd &3ls
gl BAEE AL YeRA ¢kttt 550 T, 2083F o™ S-S w o] B
AE S dediglon ofdy 2t Asdted wel BAEe 548 ZAaEd
525 Colate] 2EolAx= At wh-go] dojubx] kol v AHo|mE HAHE
7H ek AR sket FAC A BHAES Uehda od®y 2% sl o
2} KA} o] %ﬁﬁl dadhs AL AAAe] AAH el JF o= o <+
BAo R RAES yehd AAddo] AR R Aol FT] wiEelth o714
T & He Ex}%ﬂ% AR kol W A gl wel gelA = parametert ot
At AR oFol WobA W o H7bA] g s HAHE AT Zlolt
od® Al §AAZEO] BAH FE JEFS AA= AL glon ojdY &
7b Aol wet F7hE Tk fAATRe] ol wheh HAapg o] A gk o] fie
ARY 4 =5 oo 9 Aow dAudd ojd¥y % Wl wE A3}
£ 2437 slslAd XRD AlES dow 1 Aite Fig. 13 dERY 9tk (a
500 C ojd® 3 Fe] XRD patterr®. 2 1] g2 Abejo]t}. (b= 550 C ojd ¥ o

[‘-lE rir
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1ol XRD patterr®. 2 fcc-Co, C@Zr, CoZrel] 3o 2 o]Fojx 3t} (c)= 800 T <

B

©=

g el XRD patter. = fee-Co, CeZr, CoaZre®] 3F o= o] Fo1 A 9t (b)et

TS Fe LA 2 FEo] A Mg tmrh oYY 2R 4%

ol mek CoazZid e GF& F7HaL CaZr, feeCodel & Aadtrh

iHc (kOe)

1.2 —sk— annealing time 20 min
—o— annealing time 40 min

1.0 —/— annealing time 60 min
0.8F
0.6} \ \

041 \ Y

NN
0.2} \ *\*
0.0+ /s

|
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Fig. 4.12. Coercivity variation of the mechanicaljoyed Cg@,Zrg alloy

as a function of annealing temperature and time.
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Intensity (arbit. unit)
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20 (deg.)

Fig. 4.13.XRD patterns of the GgZr,g alloy annealed for 20 min at
(a) 500C , (b) 550C , and (c) 800
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Fig. 4.14= 71414 &5 MOo® Ax¥ CopZrg® w2 VAl %5 HRSEMS ©] &35

o

A3k Abzlo|th (A= 20 ~ 40 n®] T BHO] AR 7S KHolFEth (b)
A THES Foste] FES Aot}

/X1,000 10um

Fig. 4.14. HRSEM photographs showing the morphology
of as-milled Cg,Zrg alloy.
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Fig. 4.15= 71413 & HoZ AZXH CopZrsd =2 550 C oldd 59 vjAl+x
HRSEMS o] g3lo] 23t Abzlolth, Fig. 4.14) (a)9} vlma] X4 (a) 550TC o<
Sollm ke A7y Bk EEbAA gskth (b Ak BWs st B
Abzlolt, ()= &b W] A4S #Eet7] 9158ko] shaker mis AHg-ato] ¢}
g A7 & O s g Abxlolth (dyE (o) ddHe Foigh ARl w
100nmyd = 2718 AAHES &S 7 Aok

o o i

it

AKZn. L
10um WD 8.1mm < SEI 10.0kV X100,000 100nm WD 8.1mm

Sél’ 'i(i vV X10,000 ! 'DS'Imm;\ PKNU :SEI 10\0k\_r' ):GD.‘UDD 100nm Wi
Fig.4.15. HRSEM potographs showing the morpholog$he Cg,Zr,g alloy.
(a) annealed at 550  for 20 min (b) close observation of (a)

(c) fractured surface after annealing (d) clolsservation of (c)
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Fig. 416> 7|44 < o2 AZE CopZnsd w2 800 T ojd®d ¥ nlAl+x%
HRSEMS o] &3t 23t Aot (ays YAkl BHe dujste] #z3t AVJO]E}.
(b), (cy= AA W] A ##37] flate] shaker mils AR&-3sto] IAE T3
A7 5 7 gebdS PEE AbKolth 100 nmu €9 AEo] BEH Lk Fig. 4.15)

o]

=
vl Fe o Wiy A 27 499 25d A 9FE 2A ddkees &

10.0kV X110,000 100nm WD 7.9mm

E 3 § &
SEI 100KV X50,000 100nm WD 7.9mm N SEI 10.0kY X100,000 100nm WD 7.9mm

Fig.4.16. HRSEM potographs showing the morpholog$he Cg,Zr,g alloy.

(a) annealed at 800  for 20 min  (b) fracturedazgr after annealing
(c) close observation of (b)
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422 CQ4Zf 16 fﬂ"%

Fig 417> 71414 &+ o2 AZ3I CouZrs =2 DTA curved]th AL 3t
(500 Colshel Wi & peak>- 43} Wh-gof gk Zlo=z whek Ul 540 ToflA] 2
Hk-g-o] Uelg 560 CZA oA & peaks Rt

3
2+
E
>
= 1+ 560°C
=
g |
|_
s O
)
©
1k
_2 " 1 " 1 " 1 " 1
0 200 400 600 800

Temperature ('C)

Fig. 4.17. DTA curve of the GgZr;g alloy shaker milled for 20 hrs.
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Fig. 4.18% 71414 &5 WOR A X3 CoulZre T T2 TMA tracings WERATE

7t FAelM AslE 540 T 2A4 9 Lol FASH gAaskdlth o] A3 DTA
W kg 2E9l YAEh AAs 2xEs 4% UERdIT, TR S 22ofA
A3 | d2 oln TR =2 2% FolA Q17 wie] A de] A3 H
A AAsel T AstE A fck W7 4] 535 T ol Copzre’d 2l
T debstth ¥7b 4] ReFo Rz mel 800 Coldel TE 7HA& Aol EAlsh:
Roz FokE

lo

r\r

e
S
3 crystallization
©
c | 00 o-==== -
S |----= |
I
N2
3]
c -
(=) T~ a
@ Heating curve
= — - = Cooling curve Co 7r
23
1 | 1 | 1 | 1 |
0 200 400 600 800

Temperature (°C)

Fig. 4.18. TMA tracing of the GgZr,¢ alloy shaker milled for 20 hrs.
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Fig. 4.19= 71714 &= MoZ Az CouZne e w29 550 C 2823 o™ o

%9 demagnetization curve LIEFWITE ojd® 3t AJHL 15 kOe] #3482
emu/g § =9 A8tk 71 28 emu/@] FFAREFe 1.1 kO] BAE S UERY LT
H 2ok ®HAE s YEhgE o8 249 bl 3g W 15 koed] AHstelA o] #4s}gk
o] il °]:= Co o] W7 "o dddh
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Magnetisation ( emu/g )
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Fig. 4.19. Demagnetization curves of the mechalyiedloyed C@,Zr;5 alloy

annealed at 55@ for 20 min.

4.3 CouZrz &=
Fig 4.20> 7|44 &= Wo=z: AZx$ Coplrzy &= DTA curveolth A2 3t

(500 Colshel Wi & peak>- 43} Wh-gof gk Zlo=z whek ®rh 520 ToflA] &
Hh-g-o] AlZE ] 580 C A oA peaks H.Qlt).
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DTA
Sample : Shaker Milling of ¢r. ( Mechanical alloying )
oL Milling Time : 20 hrs, Mass : 202.5 mg, Atmosphefe ( 1.1 bar )
= Heating rate  : 7C/min
c
S
2 1+
=
S
|_ (o)
g Of 580°C
[
©
1k
1 | 1 | 1 | 1 |
0 200 400 600 800

Temperature ('C)

Fig. 4.20. DTA curve of the GgZrz alloy shaker milled for 20 hrs.

Fig. 4.21> 71714 & Moz A %3 CouZns o 29 TMA tracings HHEFWTE
SAA Asps Aol 27HA] AHAo® sk A4S BT
=AM ZaE Azt 35S AL dojubA] ekgkom 535 TollA CopZrgt el

T7F vebs T 7k 5 A3t @ A giRE v e CozZr“ﬂ} v %8 CoyaZre’d

A= & T Uk AEE BES Fall Ast A F419] 300 T FZolA FEQ W

o AT o] W=7 o]y o] 58] nkg-L- e whgow yrhE o]

7} &% 300 C, 550 T7HA1 2] TMAS Z+7F AA] &3t 7k &% 300 C74A 9 A

2 TMAS] A3 Fig. 4.22] Yebd Qlth 714 Aol vebd #43ke] radadS W7t

Ale] B & E T o] A= Aste] FhAolf7E A7) WEe] oF Zs SLsk o] &

T g T2 daEn, 719 &% 550 C7HA o) TMASl A 3k= Fig. 4.23] U}

EfLb Qlth 550 T7HA] 7 o] A | Ashe Wa4S wel 719 85w ] ok

th o] A¥= 550 T Ftolld dojd #4ske] Zas AAste] @ Re Lah A

st |1 g vt S yeRdh Ao A uEF SEE zsls A5 ekAd ]

o] o] A | ¢ro} ol w|Eke] Hl Ao A3t 3] & o Ao w Hln Fig.

4.220] WG AZe Tob G AolA 237t 35 o= Aol s v A
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Magnetisation ( arbit. unit)

Magnetisation ( arbit. unit)

Heating curve
- — = Cooling curve

variation of
curvature

l

- -
-

1 | 1 1 | 1 |
0 200 400 600 800
Temperature (°C)

Fig. 4.21. TMA tracing of the GgZrs, alloy shaker milled for 20 hrs.

heating curve
- - - cooling curve

1 | 1 | 1 | 1 |
0 200 400 600 800
Temperature (°C)

Fig. 4.22. Low temperature TMA tracing of the/g#y3, alloy

shaker milled for 20 hrs.
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Heating curve
- —= = Cooling curve

Magnetisation ( arbit. unit)

1 1 | 1 |
0 200 400 600 800
Temperature (°C)

Fig. 4.23. TMA tracing at crystallization tempenawf the CeyZrs, alloy shaker milled for 20 hrs.

Fig. 4.24= 71AA &5 WOz AxT Colryp Fa 22 miling 259} 600 T,
650 T 2027+ o]d¥ 3 32 demagnetization curvg “}EFWTH as-milled #2¢2 ox}
A EAS JeRRolal 15 ko] Aol 37 emulg 9 A3HgkS UERASI
600 C, 650 C ojd¥y 3+ AHLS AAA  (paramagnetic) 542 YER AT
demagnetization curve golisto] #FetH W] AAY ATS & T

st 1o == Fig. 4.281 HERASITH A Aes Hols A

fu

p

T Cozrdel 2Jst Zlola mge] AR AFS CogZrgdell &3 Aoz yekdtt
600 C o1d® % demagnetization curvgt} 650 C ¢4 % F demagnetization curgér]
Az S0l g Wol YetRE=H ol CogZradol dS Wol EA] o=

e ol S5 5B 9ok ol ol TAHAEE Ui
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Fig. 4.24. Demagnetization curves of the mechalyiedloyed CqyZr3, alloy
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Fig. 4.25. Demagnetization curves of the mechalyiedloyed CqyZr3, alloy

annealed for 20 min at 660 , 650
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Fig. 4.26% 71414 & WORE AX¥ Coplry &= =22 (a) milling 252} (b) &
A7) 2 ol 3k Al XA 8d A patterns YERATE (@) milling 2 $-<]
AlRE wgd AdEdal (b) A7) A $o] AlEe B ko] Cozrdyt e

CoZrg’ sy .2 o] Fol & QIAtt.

. C0232r .

. \V4 CoZZr
E
5
j§ \V4
S (b Vv \% \V4
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[
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(@)

30 I 40 I 50 I 60 I 70 I 80

20 (deg.)

Fig. 4.26. XRD pattern of the G&rs alloy (a) in as-milled (b) after TMA.
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4.4 Caplryo &=

Fig. 4.27>- 71414 = WO AZTF Cosolrae &e T'2E] TMA tracings UERATH
Fig. 4.21 CeZryy &= 2l TMA tracing} H]2st AE S Holup w2 Cogafel o3t v
S A ALY AEgks vebdh W7 e ofFd whgo] gl AL w AN

B WA goR Holsgle s tehint,
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s - - — Cooling curve
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Fig. 4.27. TMA tracing of the GgZr,o alloy shaker milled for 20 hrs.
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45 3% 719 €4 =7 B4 (Swift TMA)

AA71 A A Ao] Hold CopZrigd ol Al XRD 41 A3} fee-Co, CosZrs, CoZr 340]
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Heating curve
- — = Cooling curve

Magnetisation ( arbit. unit)

Co,Zr, t
crystallization
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Temperature (°C)

Fig. 4.28. swift TMA tracing of the GgZr5 alloy.

Heating curve
_____________ RN - - - Cooling curve

- - -

Magnetisation ( arbit. unit)

L L 1 L 1
0 200 400 600 800
Temperature (°C)

Fig. 4.29. swift TMA tracing of the GgZrg alloy annealed at 550 for 20 min.
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Heating curve
~ - — = Cooling curve

e -

Magnetisation ( arbit. unit)
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Fig. 4.30. swift TMA tracing of the GgZrg alloy annealed at 800  for 20 min.
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Fig. 5.1. Effect of milling time on the coerciviof the C@,Zr;5 alloy.
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Fig. 5.2. DTA and TMA tracings of the g&r,g alloy milled for 20 hrs.

Co-Zr “JEI ol A CapZris®/d 2 CopZre’d ¥ CouZr/d 0.2 oozl 7 Ake] o
ZaoF gtk XRD ¥4 A 2R3 L% olate] LxolA ofdd @ AW v
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Fig. 5.3. XRD patterns of the gZr;g alloy annealed for 20 min at
(a) 500C , (b) 550C , and (c) 800
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100 nmj= & #o]7} vk S el stk (Fig. 5.5). Tetsuji Saitd] Lo w=d
melt-spinning 31 .2 A F3 g]E oA fcc-Co, C@Zr, CouZrg Al o] EA3}3 o
CosZrdel AApd7doletal R gtk annealing A 2lell o3 54 W3lx v|akA o
EPtAIRE WA Zhaso) o5 AAY Al et s st vk SEmeRE
A3 A2 melt spinning$ 0.1 mo]&te] A 7|4 500 — 600C annealing-~ 0.2

mzZ g% o™ 800 T annealing®lli= 0.5 mAEZ AJAFste] BAHo] Tadl
ol H 1 glti16]. AT A. M. Ghemawat5©] # %2 Co-Zrdl &+=°lA4 3.3 kO]
e HAPe W AdH A= m QACH7]. thE BaE =EeAE =
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Fig. 5.4. Demagnetization curves of the mechanicilbyed Cq,Zr;5 alloy annealed for 20 min

at various temperatures. (a) as-milled, (b) $00¢) 560C , andd) 800C .
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10.0kV  %X70000 100nm NI 10.0kvV X100,000 100nm WD 7.9mm

Fig. 5.5 HRSEM photographs showing the microstructure of the
Cog,Zr1g alloy annealed for 20 min at (a) 550 , and (b) 800
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7Hd &% 800 T =S TMA 4 F ojd® A7} Ueld Cozrido]l CopZred o=
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Fig. 5.6. Swift TMA tracings of the GgZr;5 alloy
annealed for 20 min at (a) 530 , and (b) 800
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Fig. 5.7. Effect of alloy composition on the cogityi of the CQqgg.,Zr«-
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Fig. 5.8 XRD patterns of the mechanically allot€@ay,.Zry alloy
annealed for 0 min at 600 . (a) x = 10, (b) x =@&$x = 30.
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