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SUMMARY

I. Title

Analysis of Chemistry and Crystallographic Structure of Ferrite Powders
Prepared by SHS for High Performance Electromagnetic Insulators Using Neutron
Diffractometer

Il. Objectives and Necessity of the Research and Development

Eco- matenals have more attractive attention as the world becomes rnodermzed
and globarized. Especially, the development of electromagnetic insulator, EMI,
one of important issues in the materials research field. There are two types of
electromagnetic insulators. One is the by-pass of the harmful electromagnetic
wave, for which thin wire made by stainless steel or aluminum has been used.
The other is an absorber of the wave for which fine ferrite powders have been
used. The ferrite is the material with chemical fomular of MFeOs4 (M=metal)
which has spinel structure. The principle of the wave absorption is known to be
related to 'maghetic spin in the outer electron. Since the absorbed wave range
depends on the chemistry of the ferrites, the ferrite powders with various
composition should be produced to develop wide-range magnetic insulator. The
ferrites powders are conventionally prepared by existing techniques of solid state
chemistry of co-precipitation, precursor methods and freeze-drying to make
various forms such as polycrystalline, aggregates, thin and thick films and single
crystal, through calcination and sintering. A common problem in all these methods
is the agglomeration of particles during precipitation or removal of the solvent.
Recent research trend to find innovative materials uses an unique processes such
as nano-technology, rapid solidification and self-propagating high temperature
synthesis (SHS) to make meta-stable and non-equilibrium phases. Among theses
processes, the SHS is a solid combustion process characterized by an exothermic

heat release sufficient to propagate a combustion front through the powder



compaction. The SHS process has bee applied for the preparation of magnetic
poWders, fibers, intenneta_llics, composites and coating for the advantages of this
process. Although there are many the industrial application of the process,
systematic study based on theoretical background are still required. Especially, it
is needed to study about the SHS process for micro-structural control because of
its interactive properties of the heat transfer and mass transfer. Therefore, the
objectives of ' this study are to fabricate non-stoichiometric compounds by SHS

process and determine the chemical composition by neutron diffractometry.

ltl. Scope and Results of the Project

In this study, the SHS reaction of Fe;O3 + xBaO + yNiO + (1-x-y)ZnO + Fe —
BaxNiyZni-x-yFe20O4 and Fex0O3 + xMgO + yNiO + (1-x-y)ZnO + Fe —
MgxNiyZn-x-yFe2Os  were considered. Since the properties of these materials
significantly depended on the non-stoiciometric number, synthesis of the materials
by SHS,' phase identification by X-ray diffraction, determination of magnetic
properties and neutron diffraction analysis were carried out. Rietveld Analysis was

also carried out with Fullprof.

IV. Results of the Project

(1) Using the reactions of FeO3 + xBaO + yNiO + (1-x-y)ZnO + Fe —
BaxNiyZny-x-yFezOs and FeO3 + xMgO + yNiO + (1-x-y)ZnO + Fe —
ngNiyan—x-yFezo4 at 30 atmosphere of oxygen pressure, BaxNiyznl—x-yFeZO4 and
MgxNiyZni-x-yFez0Os powders were synthesiszed. The reaction mechanism 1is
gas-solid reaction which depends on the reduction and oxidation among the iron
(Fe) and various oxides such as NiO, ZnO, BaO, MgO in the reactant materials.
X-ray analysis showed the spinel spectra which intensity increased with the

amount of magnesium oxide.

(2) Neutron diffraction analysis revealed that the final products were



Bao.ssNiop2Zno.sFe204, MgosNigsZnos2Fe20s and: Mgo4NipznZnossFez0q, of which lattice
parameteres were a=8.4305, a=839379, a=8.39355, respectively ( x2=2.89~3.75). The
ferrites showed the soft magnetic properties in their hysteresis curves. The
coercive  force, maximum magnetization and residual magnetization of
Bao.45Nio.022n6.43Fe204 were 41.76 Oe, 69.12 ému/gOe and 7.21 emu/gOe, respectively.
Those of MgosNioosZnos:Fe:04 were 32.89 Oe, 33.28 emu/gOe and 0.30 emu/gOe,
respectively. Those of MgosNio21ZnossFe:0Qs were 48.25 Oe, 4890 emu/gOe and 5.31
emu/gOe, respectively. The magnetic properties significantly depended on the

chemistry of the ferrites.
V. Application Plan of the Project

Ferrites powders, MNiyZm-x-yFe:04 (M=Ba, Mg), for high performance
electromagnetic insulators were fabricated by self-propagating high temperature
synthesis. The chemistry of final products was analyzed by neutron
diffractometry to determine non-stoichiometric numbers. The analyzed method for
the study of non-stoichiometric compounds Was directly applied for the
cystallographic analysis of meta-stable phases and ferrites. The combination of
the technology obtained from this study and the previous patent will be one of

important data for the industrial scale production of the ferrite powders.
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Table 3-1-1 Crystal structure of BayNi,Zni—-yFesOs and MgxNiyZn;-x-yFe:04 system

formula lattice symbol

NiO cubic Fm3m

Zn0O hexagonal P63mc

MgO cubic Fm3m

Fe 03 cubic Fd3m
BaxNiyZn;-x-yFexOq cubic Fm3m
MgxNiyZni-x-yFexOq4 cubic Fm3m
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3-2. A5 AL 3 gy
3-2-1. |8 ¥ue] Zu]

at A 9t BaxNiyZni-x-yFea049} MgNiyZn;-x-yFe:0q -'?—‘Q S oA
&t7] A8t FexOs + xBaO + yNiO + (1-x-y)ZnO + Fe — BaxNiyZni-x-yFes0s, FesOs
* xMgO + yNiO + (1-x-y)ZnO + Fe — MgNiyZniyFeOs & 2L A2urgg 31
ol 98 %o A T, &E, 92, B4 oz ¥ Ud. Fig. 3-2-1-12
daPdel g A=FFEL. AR THL IA AN 24, B, 4, d2 &
4, e, mAza @@ % 4R Yoz F4HY Y 2 apeddE
BaNiyZni-xyFex0s $4E 95t Fey0s, BaO, NiO, ZnO, FeZzre Al431%on
MgxNiyZni-x-yFe:0s &4& 939 Fex0;, MgO, NiO, ZnO, Fe +2& A1&H3UY 9
5 229 &% ¥ #¥ 23 AL Table 3-2-1-19 . 98 E2SL 3374
7 Y] (stoichiomeric ratio)2 A Fslx EA(Spex 20000 o] &3ted 527 #al
(n-hexane)&Holl A F4 £ EFsUd. &Y Ege HF Jxg =3
(Micrometrics, Sedigraph 5100)8 % 69 MPa¢] ©< A= 2174 10 mme 953
AYAZ HYsIAth Table 3-2-1-2& w829 Ao

Table 3-2-1-1. Some selected properties of reactants

substances Fe203 NiO Zn0O Fe BaO MgO

manufac. Aldrich Aldrich Aldrich Aldrich | Aldrich | Aldrich

purity[%] 99.0 99.99 99.9 99.99 97.0 98.5
ave. size[um] <5 150 150 1 <1 150
density[g/cm”] 5.24 2.26 1.83 7.86 5.72 3.58
m‘fl';;m"gfé]ght 159.69 7471 81.37 5585 | 15334 | 403
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Table 3-2-1-2. Composition of powder mixtures

sample # molar ratio

FexOs3 NiO ZnO Fe BaO MgO
K-31-Ba 17.1 3.36 558 15.97 2.658 -
K-32-Ba 17.1 3.36 5.58 1597 5.316 -
K-33-Ba 17.1 3.36 5.58 15.97 7.974 -
K-31-Mg 17.1 3.36 558 15.97 - 0.403
K-32-Mg 17.1 3.36 558 15.97 - 0.806
K-33-Mg 17.1 3.36 558 15.97 - 1.209

Fig. 3-2-1-1 Fabn'cation process of ferrite powders by SHS

Powder preparation

|

Blending/compacting

Corhbustion reaction (SHS)

Pulverizing

Phase identification (XRD, ND)

Characterization of magnetic properties
(VSM)
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3-2-2. A& FA

AT Y WEEE e da F4 Ao dax ws AR Fig 3-2-2-12
2 AN A8 2T AHY ADH ABEolt) o FHE

(ignition coil), Wr¢ 29 E 7| z2H FXH, |
A5 43X (data aquisition unit)©]
2ol AQlstn Hawl HIWHEES 4
FARE HEANHT. w29 BYrlE 23 5L 10%0r o3z 4711 B84
°l2Z 7tA2E 33 ¥HE FUsgen dAi vhe AAde ¢FHe uLEE AL SFAS

o] &3t 30 7IFez FAEAT

w5
f“j;u e
Ee{_:
oXx
lo
(o]

e
£
e
of
ot
do
o
Ae
M
i
T,
olo

3-2-3. X-4 4¥N3} 714 54 A7

o
dEAES AL dAEAHE AHES EY(bal mil)E EH8ld vjEaste AL&s)
At 4L Cu targete] K,A& ol&dtd S8yt M2 73 EXNL
VSM (vibrating sample magnetometer, Toei VSH-5)24 73} t}.

3-2-4. XA 3]d Y (neutron diffractometry)el 2§ 38te}=n] 43

4% 94 N¥e ¥FA4YATL9 st 33 HRPD (High Resolution
Powder Diffractometer)E AM§3te] FaHAT S 4L 005 HFoz 2%37
Agsts @AM FAHstep scan) WHOZ 247 0° ~160°7HA &A&Qqom 90°
take-of ZtS ZrE Ge(331) @A % 7](mono-chromator)E AME-sted (.183887 nm<] ©
AFE AT AEE A7 8mm ¥°] 40 mme ¥UE (vanadium) €701 A5
He-3 ¥]#l¥d 7 Z&7]|(proptional counter)24 X34t ZH=E xgo BAHL B

€ S/W<I Fullprof& A}-£3}e] Rietveld Analysis® 43354}

_18_



T
EP
-

Fig. 3-2-2-1 Photo and schematic diagram of SHS chamber

A : sample B : quencher

C ! ignition coil D : reaction chamber

E : gas in F : gas out
G : thermocouples H : data aquisition system
J : windows K ! video monitoring system

L : controller M : high pressure gauge
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3-3. 43}
3-3-1. MiNiyZn;-xyFe;0s (M=Ba, Mg)e] 94 &4 2 ARy

Akl A o] SHSel 93t BaNiyZni-«- -yFe049F MgxNiyZni «yFexOy E2< 3
g 0}71 93ted Fe0s + xBaO + yNiO + (1-x-y)ZnO + Fe — Ba,Ni,Zni-x-yFesOs,
FexO3 + xMgO + yNiO + (1-x-y)ZnO + Fe — Mg, NiyZn;-xyFes0,8} 2L 4 0L
< FY4AT da B F AzEHE HelolEE H(Fe)T} 488 (NiO, ZnO, BaO,
MgO) Abolo] A= & st B wgol |Zav] ol5g Wge s|4-n4 WEo
2 HuHo] gl olge dx ¥4 2AL ARG Astd] dduy 4o R4
AE87] 9484 E Fe-Ni-Zn-Ba-O7% Fe-Ni-Zn-Mg- 07419+ zo] T
stojob &k dd dAF ZAFe w2W Fe-Ni-Zn-OAlolA Aage] =rslaw
NiFe0s, ZnFe:048] 4 9 o] Z7bstd 271 AEE ZnFeO0t =0hn Huse] 9l
‘4[8 13] & A7 A E Fe-Ni-Zn-OAo Bast Mg2 Nizt Znol @ided 10-20 mole
FAolEZ 4 wgel vl 255} AgHoz 7ad Aoz oﬂmaoi <
A5 §247]7] et mtel 30 71e) Aa Yol A WG 3
Atk da whge AW HA FIEA F AFHUCH 20 mole¥% oA 7&7}6}
W owge AYH A Ysich Fig 3-3-1-1& W42 X-4 34 24 Aol Fig.
3-3-1-1914 9} Zo] A8E Az B8 Folt 237 (spine) T2t 2H3) BRHY
or MgOol 57te Aol 2999 gd Ax7 27188 & 4 gl o= 30
e Az ol MgOd) 371} o= R4S 2UHEE L & & 9o
™ (Ba, Ni, Zn)Fe204¢t (Mg, Ni, Zn)Fe;047F FAH =0 LS B 2

l"
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(c) ,
Fig. 3-3-1-1 Typical X-ray diffraction spectra of SHS product (a) K-31-Ba
(b) K-31-Mg (c) K-32-Mg

3-3-2. A7 £EA Bt 2 FAHA A «l?"r “lﬁ}i}%‘i a3

Fig. 3-3-2-12 307199l Ar2oAM A2PH o2 A2H (Mg, Ni. Zn)FeOs Hle}ol
EY Ad EAoltt. Aoy ZHe ’ﬂsél‘lﬂ A4 E4E& Hlth K-31-Mg A
S 22E, Agixg), dFEREE 27 32.89 Oe, 33.28 emu/g0e, 0.3 emu/Oe °]Q S
" Mgel 4388 K-32-Mg A&t 2AE, Joas, 252371 2tz 4825 Oe, 4890
emu/gOe, 531 emu/Oe °]¢t}h. Bae] #7}¥ K-31-Ba: B8 Huxg, FEx3
7} 247} 4176 Oe, 69.12 emu/gOe, 7.21 emu/Oe & = =9t} oj o2 HE, A4
4 29 (Mg. Ni. Zn) dele]Ed|E MgOol H7tHW A4 E4o Zrlete o
T AR

29d TEE e B Yurd e ABXE BEAHW 27HE(space group)ol Al
T Fd3mel &@4. Fd3m FZA F&oj&2 ZASH 7o ThE A-sitest
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B-sites] 7 Roll EAF F el A-sitedls AHF A2o] 2 477 o] BE 4W A
(tetrahedral site)] 7b&dl $xjo]8 B-sites AWS 6749 A2t o]=: 8wl
(octahedral site)o]th. 327§e] AbxolLo@ o9l AML o]=W o|u 64702 A-site
st 3270} B-siter EAsted WY o] RE §4xo] FLolLo] ZAHTH oFo]e
ol Fol2 FRT BAHo ArH FHE 44T 5+ A Ut g 2o 2
& o9 ustey FEuH|7} EAsHA Pk ol 2L usled gEu|9 zfol:
Ao 4o 4FS FAFERE B AFdA BEY A7)y Exe W= used
FEHC T E Aoz 4T £ U olg BE Ay EAHo] AHY oL
ECE Yoz Wsatd FEuE ZASAT. Fig. 3-3-2-1

FAA 47 A 24 Aaoltt. Fullprof24 433 Rietveld Analysisol A
T AANF(lattice parameter), A 2 A4 (reliability factor) S¢] Table 3-3-2-1,
3-3-2-2, 3-3-2-3°] Utk %7 ZAH7} FexOs3 © NiO : ZnO: Fe : BaO = 171 :
3.36 : 558 : 15,67 : 2.68° ZAS-ole AAHEY F=u| 7t BagsNigeZnosFe:Oq @ NiO :
FexOs ¢ ZnO : BaO : Ni = 6896 : 7.16 : 1836 : 287 : 0.15 : 2652 2= Qo
BaosNioowZnossFe:0:7k o 69 wt.9% 4ol Hom 37 4420 AT ¢ 5
o 53 z7] 2Ade EAdA %L F2 Nio| BRHEH o= z7] EAstd
NiOZ} Fedl st BUHNES HAFD oY Fed; + xBaO + yNiO +
(1-x-y)Zn0 + Fe — Ba:NiyZnixyFex0;2] A2 9lgoA 4" + 9= AszE
(Fez03, BaO, NiO, ZnO)ZelA NiO7F Addoz wlmy i DIdgx|9
BaxNiyZnix-yFe:042] A4 AN E 33 Aser @r] wZo] 94 Ag=z
ste Aoz Atgdoh. oA YA B Aol BansNiowZnosFe:0:2M NiZro] mj<
e A% gx@h E4o mE AEE 3% 28 oY BaO WAl 59U
mole¥] &9 MgOE& #H7Hsk Al89 AlH W37t K-31-Mgo|t}. K-31-Mg8l %7] 2A
B Fex03 : NiO : ZnO: Fe : MgO = 17.1 : 336 : 558 : 1567 : 040331 ¢l BAE
o] F 287} MgosNioosZnossFe204 : NiO : FexOs : ZnO : BaO : Ni = 5997 : 7.14 :
3122 : 2.85 : 051 @ 131022 #FZF A MgosNioewZnos:Fe:047F ¢k 60 wt.9% 34 o]
Huow ZF AAAEo] EAFE & £ Uk HHE Fo| IS AL BaOETY MgO
7h Aoz #4d Y 3599 0sxo st AAY Roz AsdY, o] T
A7l Asted 271 2AAM MgO9 %g 28] 2742 A87F AW W3 K-32-Mg
°lth. o] AJg9 %7] ZAHE FeO3 : NiO : ZnO: Fe : MgO = 17.1 : 3.36 : 558 :

ri

==

A

-
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1567 : 0.8060 ] A B ZFFgu|= MgoaNig21Znos9Fe04 : NiO : FexO4 : ZnO : BaO
©Ni = 5697 : 6.820 : 3055 : 230 : 093 : 1.0502. 2 2= Qo) —E’:’ﬁ; o MmE NI
' 47 x% 3.14¢F 375010tk K-31-Mg A] 29} K-32-Mg Al59] MAE] A&
Ml EEte (Mg, Ni, Zn) setolEo] 44 e of 60%olA 57%2 PastAon WIS
A sEtolE o) Mgl #FL ZAdQ oY NigZe /890 Tok Axp s
a=893791 1 2=8.93552 ZAFAT. o] AL Nio] Mgel Hlato] Aujdoz = kol
A F4E wetolEg YYFol A BRAHUY) WE TAP mole %S MgOES
H71519 BaO 7t Bk AUidoz dx weo] AAHYT AU Fxol HeoE
AN Mg#el 72 Az 447t M8 202 A2YY. oo} g& ushs Fu)
o W87t HetolEe] 714 B4 W dFe FUgn AlgEd

80

60

H
0|
g
Y
— 20
=
=]
S 0F
<
g af
& ,
&0 -40 |-
S
ol |
-80 l 1 i t L ]
-6000 -4000 -2000 0 2000 4000 6000

Magnetic Field [Oe]

Fig. 3-3-2-1 Typical saturation magnetization versus ‘applied field for

BaossNioo2ZnoasFe:04  ferrite powders prepared by SHS reaction.
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final.prf:
s Yobs
— Yealc
—_— Ytobs-Y-calc
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(c)
Fig. 3-3-2-1 Typical neutron diffraction spectra (a) K-31-Ba (b) K-31-Mg
(c) K-32-Mg

Table 3-3-2-1. Results of Rietveld refinements of the K-31-Ba sample

Phase Space group Lattice parameter Wt. fraction x°
(nm) (%)
Bap 45Ni02Zno.43Fe204 Fm3m a = 84305 68.96
NiO P63mc a = 4.2788 7.16
Fe,0 Fd3m a = 50372 18.36 289
2 ¢ = 13.754
P63mc a = 3.2433 2.87
Zn0 c = 52797
BaO Fm3m a=42179 0.15
Ni Fm3m a = 3.5361 2.65
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Table 3-3-2-2. Results of Rietveld refinements of the K-31-Mg sample

Phase Space group Lattice parameter Wt. fraction x°
_ (nm) (%)
MgosNigsZnoszFeO4 Fm3m a_ = 89379 56.97
NiO P63mc a = 42788 7.140
e Fd3m a = 50372 31.22 3.14
ez ¢ = 13754
700 P63mc a = 3.2433 2.850
c = 52797
MgO Fm3m a = 42179 . 0510
Ni Fm3m a = 35361 1.310

Table 3-3-2-3. Results of Rietveld refinements of the K-32-Mg sample

Phase Space group Lattice parameter Wt. fraction X

Z
(nm) (%)
Mgo.4Nig21Zno39Fe204 Fm3m a =8935 56.97
NiO P63mc a = 42788 . 6.820 |
Fe 0 Fd3m a=50372 30.55 3.75
2 ¢ = 13.754
700 P63mc a = 3.2433 2.300
n c = 52797
MgO Fm3m a = 42179 0.930
Ni Fm3m a = 35361 1.050
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3-4. A&

(1) 30 "7Ike] 2ol A Fex0s + xBaO + yNiO + (1-x-y)ZnO + Fe —
BaxNiyZni-x-yFe;049}  FexO3 + xMgO + yNiQ + (1-x-y)ZnO + Fe —
MgNiZniFeOssl 1& 319 A2 §4 83 S85id BaNi,ZnissFesOush
MgNiyZni«yFeOs £22 4540 A4 Bg Fo Az" Haolex= A (Fe)3
2F8E(NIO, ZnO, BaO, Mg0) Alold] A== AHel - 39 whge] 9& O}Uq o] & ¢
e 71 3-T wgoldth X-A 33 24

7 £93] #&H o 7] MgO#e°l S7tg A 2o
7S & 5 sl |

—.~ l‘N
rir

o[}l

@) T4 - REydoz HE: AAE 3y zxo Bag 4sNio.02Z1n0.43F €204,
Mgo4sNioosZnosoFes0s, MgoaNio21ZnossFes0s0] B Z42he] Az} Apei o= 8.4305, a=
8.39379, a= 8.39355°IU}. (1?=289~375). ol AME A7lold ZMolH HYHel
AAE 4L EAD BasNiowZnosFe:0,2) Bz Hoztsh, IFAEE gz
4176 Oe, 69.12 emu/gOe, 7.21 emu/gOe°l™, MgosNiosZnosFe:0.2] B8, &gz}
3, ARAE AZ4 328 O, 3328 emwgOe® 030 emu/gOe°] 1L
Mgo.4Nio21Zno39Fe204<] EZ}Q;‘ﬁtﬁz}i}, AFAsE 242 4825 Oe, 4890 emu/gOe,
531 emw/gOe°I AT, 2713 B4 Wse wHaole ye wslety F=2uje] oo
M 718 ga Alg g
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e

M4z A =7 285 9 0o 7jo{ 5

I E AARFAFALNGeE Fa8 "TEHS

T4 BAd FANE o|&d
SHSW o2 Alzd EMI& #HaolE B2 siat 247 A4 72 =4"d #g A

9 AF 2EE TYHoZ A4l Yk v 2o Aold Ba Ex Mgrt B
M:NiyZni-Fe0s% (M=Ni, Mg) £2¢ 1& o4 SHSH oz A '

Ad A¥E Botedl E 4R A Tz HUQEH uE AAGowy mAS

Y
o
k!
ofN o
oX.
_>‘~_IJ

EMIE si2to]E B2 Azsed 719 F8E ATst=d ot o2 st 2 o
TAAE R daolM nedLTYEoR AZY vEY ¢E vE 2= Az 2
gt 2z

TE T4 dHdHe=m H]Q“‘if%kl.‘ﬂ] YA A7H BEHE A5

g AR EEE 32 96 e 2AHAT 3071949 AL H FeOs + xBaO +
yNiO + (1-x-y)ZnO + Fe — BaNiyZnx-yFe:0:8 FeOs + xMgO + yNiO +
(1-x-y)ZnO + Fe — MgxNiyZni-xyFe0s8 22 o A 122 BaxNiyZni-x-yFesOq
% Mg:NiyZnix-yFe:0s £%0] FAHAYG. 43 34 20z 5= A2 3t
242 BaosNiowZnosFesO, Mgo.43Nio.0sZnos:Fe2Os, Mgo.4Nio, 21Zn039F8204°] At Z+7h e
A g4} H/‘q——] AZ == a= 84305, a= 839379, a= 8.39355, x%=2.89~3.759) %1},
o] 2A& 7)ol ’d"ﬂ/ﬂ AFHA A4 E4 e EAS.  BaosNioeZnosFesOsd]
B, A, ZRAS= 27 4176 Oe, 69.12 emu/gOe, 7.21 emu/gOeo|™,
Mgo.43Nio.sZnos0F €204 Hz}a A A s, ZFAsE Zh2 3289 Oe, 33.28 emu/gOe
¢t 030 emu/gOeol™  MgosNiozZnoseFe048] B8 Huas, RRAsE 2zt
4825 Oe, 4890 emu/gOe, 531 emu/gOeclAth. 27]|d =49 Wzt ¥go]E BIE)
HlgetE FEule AoleA JlQEGn AlzETh oo} 2o 2Ae] E4S e
el 145 EMI #siztolE 2419 Ao Qs Juk )ee AFY = oA #
d A7 Ad rldEst aga Algdd,

-{m
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