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Manufacturing Method of High Purity Iron by Zone Refining
and the Measurement of the Purity

Takaji KUSAKAWA, Hideaki WASHIZAKI, and Chisato YOSHIDA

Synopsis:

High purity iron was manufactured by zone refining under wet and dry hydrogen atmospheres.
The original materials were reelectrolytic iron, a common specimen of the Iron and Steel Institute of-

Japan (specimen number 958, 960), Johnson Matthey iron, and Puron iron.

The residual resistivity

ratio (RRR) was used to show the purification degree and the longitudinal magneto-resistance effect was

investigated at 4-2°K.,

As one of the physical properties, the thermoelectromotive force (EMF) was studied and the relation

between EMF and RRR was investigated.
The results were summarized as follows:

(1) The slower the travelling rate of zone refining was, the greater the purity of specimen became.
(2) The more the number of zone pass was, the greater the zone refining effect became.

(3) It was very difficult to eliminate Cu, Co and Ni from the reelectrolytic iron.

(4) The value of RRRy;n was obtained in the magnetic field of 800~900 Oe.

(5) The value of RRR i, was independent on the electric current in the range from 50 to 450

mA.

(6) The non-deoxidated common specimen of the Iron and Steel Institute of Japan was purified

by zone refining more than the deoxidated one was.
(7) It was effective to anneal the sample at 800°C

refining.

in wet hydrogen atmosphere after zone

(8) Specimen covered with calcium fluoride was refined by zone melting in wet hydrogen and

RRR of its specimen was fairly good.

(9) The thermoelectromotive force could be used as one of the methods of the purity measure-

ments when RRRpyin was less than 200.

(Received Aug. 4, 1970)
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Table 1. Chemical composition of original material (ppm).

. Element
C Si Mn P S Cu Al O N
Specimen _
J-M iron 17 4 3 1 125 200
Puron iron 10 10 40
ISIJ 960 50 70 40 40 26
ISIJ 958 30 40 40 40 364
Reelectrolytic iron 42 28 44 22 38 40 970 48
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Fig. 1. Schematic- diagram of floating zone

melting equipment.
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Fig. 2. Experimental apparatus for electrical resistivity.
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Fig. 3. Setting plate of test piece for measuring electrical

resistivity.
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Fig. 7. Relation between resistivity ratio and
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Table 2. Results of qualitative spectroscopic analysis,

Element Intensity, ratio Element Intensity ratio
Specimen Cu/Fe Ni/Fe Co/Fe Specimen Cu/Fe Ni/Fe Co/Fe
71 S 0-098 0-296 0-567 Z_4 S 0-135 0-246 0-488
5 002
4655w, M | o004 | 0368 | 0.570 |5 g;;;g? M | 008 | 0318 0563
0°5 mm/ min 0'5 mm/ min
L 0-097 0-360 0640 L 0-108 0-299 0-610
79 s 0-141 0-324 | 0571 7.5 S 0-141 0-324 0571
2 460
byl M | o121 | 0342 | o600 | ProEs M | 0121 | 0342 0+600
0°5 mm/ min ; 0°5 mm/ min
L 0-091 0-338 0-633 L 0-091 0-338 0-633
: Z_3 S 0-205 0-316 0-574 Z-6 S 0-159 0-274 0-523
[/ .
jﬁﬁ/jiiHn M | 0-141 0-331 0598 | 5 I{g‘g? M | 008 | 0-384 0-527
0'5 mm/ min 0'5 mm/ min - ; —
L 0'155 0-322 | 0°-562 i L *0-193 0-258 0-477
Otiginal material 0-223 | 0316 || :0°647 | Original material 0223 | 0-316 0-647
wH3; wet hydrogen atmosphere,' S: Startin;g end of zone length, M: Middle point, L: Last end.
180
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Fig. 10. Relation between resistivity ratio and
distance in zone length under the various
water vapor pressure of wet hydrogen.
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Table 3. Relation between RRR i, and current.
Specimen Current mA
Original | Zone Heat
material condition treatment 50 100 150 200 250 | 300 | 350 400 430
1S1] wi, 2passes | 800°C '
960 dH, 2passes 39,wH; 24hr 139 136 137 137 137 137 — 137 —
0'5 mm/ min | dH; 24hr .
ISIJ wH, 2passes 800°C .
958 dH; 2passes 30%wH; 289 290 291,{ 293 291 | .— 291 — 291
0°5 mm/ min | 40hr
800°C
JM — 309, wH, 635 649 651 653 647 | — 647 | — 647
4Qhr ’ :
wH,: wet hydrogen atmosphere, dHj: dry hydrogen atmosphere.
Z). .
1 000 - 3.2 #tmiEs RRR DOERF
©
/,/’. T SR OSBRI I M E R E RHEH UL (RRrr/ Ra.2°K)
,//ﬂ PRV BT X228, SIREREART B D70, PIERRE
800, VR BRI X SHSERISTFE LY, BHERCR 33 Y
7 RRR 245 IEHLOMIHEL/NE L 72 50T, WAIEBROERFBKE
/ L FL5 LBESEHIISMERNETFRE LTAAY L 22
2 00 T &7 X LTS 2T CRIEBERA R A Er 2
£ %5 2 TRHAIER 2R/ LicfEZ V7 RRRmin, B3
g EYTHDEVHWEOBEIhTEY, T TR
£ 400 X RRR OBIREHRE LT A
& / RRR 112 (B3R, RRRI177 (FEM J-M gk BE
« ! RRR 177 L 73D B XU RRR245 (J-M High%z/ — 18
200 fLEsh L 7-3ED o 3EEORBI R AV, #Miksz 0
O .
——o-eo— 25 9000e ¥ CELISETEOLEDESLEEIEL
RRR 112 7o HFHHBIEERREEASEL DDHERETTRD
. fze .
o @0 400 600 800 Fig. 12 (@R T X 5 ICE 2B OBTRIC 00 T, &

Longitudina! magnetic field Oe

Fig. 12. Relation between longitudinal magnetic
field and RRR (The each value of RRR
112, RRR 177 and RRR 245 is the elect-
rical resistivity ratio in non magnetic

field).

LickER% Table 2108 ¥, EHENRETH 22, Cu,
Co, Ni g wiaHiEhi. ThoOITRIIRIbRE
TREZINDAREOSLVTET, etk
B LI — CFRSR LG TSRV, ST
EWESPIERL XS LT 5546, ThbOILRONIE
BNEELMESER5THHS. D S, M, Lixxh
Ty — B O, R, Kiiiaznd. oz
bbb —TTRIILETE 55, IR EILERTER
V. Ni, Co HEUEOMEN, Kl TI1T & AT bixEy
25, Cu RBERROLDP, PARIEBLAEEZRLTY

& LEWICENS € TR ISR 2HIE T 5 LB
FsEA L, EHERERSEAELZRT LTS ZOfE
% RRRmin. (0T 2 ELTT 5.

RRR112, 177 oFEHC OIS OEMITH TR
BHHNBHE, 1000e DL ETIRIE & A EZEEITE V.
RRR 245 TUWRSEZELIC X % EPHEMSEE TR E
ZHEdPh, 800 »n5 9000e THEAEPDELS. Lz
PO, HERIEE LT, $C ORFH28000e
DB ETHETHZ LT 5.

3.3 BEB/FHE RRR OBERK
BREFRLRIED X, BUNEFREZBREFICRTD
T DD, FERVIIRMMEARD 7 DRI in W IRER
TIEEREF L B2 Ve %  OE P BR2THR D,
BlEERIC XY, TORIIREIELLAIZEET/NNTY
FERELBZEDRDDHEVIWMED BeshTnwd. £
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Table 4. RRR of specimens ISIJ 960 (current 100mA).
Specimen RRR
Number Zone condition | Heat treatment | Magnetic field Start Middle Last
800(Oe) 99 145 79
46% WHZ -
T-1 2 passes 0 - - -
dH, 2 passes
05 mm/ min 800°C 800 159
3 oowH; 24hr
dH; 24hr 0 124
800°C 800 133 136 123
39, wH, 24hr
o,
5% Wi, dH, 24hr 0 112 112 106
T-2 p
dH; 2 passes
0°5 mm/ min 800°C 800 199
30% WH2
40hr 0 141
46% wH; 2 passes| 800°C 800 195 239 220
T-3 dH; 2 passes 309% wH,
0°5 mm/ min 40hr 0 143 177 157
800 106
Original 0 —
material
. 800°C 800 148
— 30% wH;
40hr 0 118
wH>: wet hydrogen atmosphere, dH;: dry hydrogen atmosphere.
Table 5. RRR of specimens ISIJ 958 (current 100mA).
Specimen RRR
Number Zone condition | Heat treatment | Magnetic field Start Middle Last
800 (Oe) 209 239 197
T-4 2 passes 0 - - -
dH, 2 passes
0-5 mm/ min 800°C 800 279
3 9% wH; 24hr
dH, 24hr 0 182
800°C 800 218. - 232 257
3 9% wH, 24hr
of, wH 2
426p/;svs”es 2 dH, 24hr 0 155 159 167
T-5 dH, 2 passes '
0-5 mm/ min 800°C 800 267
30% WHz
40hr 0 174
800 157
46% wH, -
T-6 2 passes 0 134
dH, 2 passes
0'5 mm/ min 800°C 800 239 288 251
309, wH,
40hr 0 159 181 173

wHj;: wet hydrogen atmosphere,

dHj3: dry hydrogen atmosphere.
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Table 6. RRR of specimens Puron and J-Miron (current 100mA).

Specimen RRR
Number Zone condition Heat treatment Magnetic field Start Middle Last
469,wH, 2passes 800 (Oe) | 200 366 285
P-1 dH, 2 passes —
0-1 mm/ min 0 — — —
800 - 307 396 446
J-1 2 passes 0 ‘ '" - -
dH; 2 passes T
0-1 mm/ min 800°C 800 933
. 3 9% wH, 24hr :
dH, 24hr 0 . 245
469, wH, 3passes 800 315 279 325
J-2 dH, 2 passes —
0'5 mm/ min 0 — — -
800 219
J _Original 0 -
material
800°C 800 893
— 3 opwH, 24hr
dH, 24hr 0 _ 278
469,wH, 2passes| 800°C 800 738 ' 973
J-3 dH; 2 passes 309,wH,
0'5 mm/ min 40hr 0 - 266 286

wH;: wet hydrogen atmosphere, dHj: dry hydrogen atmosphere.

ZCEBHT 800 O Dt & Al EM 2 B L

EREH R EE L.

Table 3z % & 5 sz 3bmate 960, 958 & J-
Mgz AL, 3EMEOMETHNTHZ. chitk
h RRRE 8000e RTIREMKAEEIZIELEALRDD
Nighote. L2 CLMER T~ Toffh: 100mA
OEMEDOS L THETSZ LTS,

Frho wH,, dH; 3{8/KE, #KELZRLTN 5.
3.4 FF|EWHD RRR

3-4-1  FamElH

FhE LT iEgMIgk 960 Z{#FR Lo % Table 4
TR Mgk 2 U723 % Table 5icax L7z, &
B bV — S 5 VI X Sic RS2 ORIZEHE
Td 5. Table 4, 5wk \T wHy, dH: ik,
WIKEEREK TH D, start, middle, last [ TrhEhy/
— A RANRER, FRORER, RumEEA LTS

kb, RELERRER 958 2 EM L LT AVARIED
ARERIBHRAKRTH B T EDHIBH Uiz TR EERE
FROIT > BEER &AM N0 LY, THITEI XD
+HC RS LE b 2R Lok FE % 2nalek
BRI R ET A MES ML LE EXON

5. PEMECR CREOERBILDOETTEs L, ©
D—EPRBERCER L LbEZLNS.

Ui LB R 2R L, EMEsEZER LT, *
72 RRRmin 1% 300 LAFCH Y, BARBOMEIT J-M
mﬁtw&fiﬁﬁgﬁ“afwﬁ@ﬁbm%.:hﬁ
AR L7 X5 iwFEkthic Co, Ni 75 D) — L iElc
(GECECL VWITENRZRCEEN TV HDONEEEHE
ZbN5DTHSHIDTROMENBLETH S & EBbh
5.

3.4.2 Puron gk, J-M gk

Pl DD ENESGEY B L LT L BE X
Table 6 iZ/RT X 51T, V— B8, BESOESME
KEE IR BT LS X D I D CEMESREE
Lo LB TESL. chldTable 1 R 4ETHL»S X
5 CEMFOEBRMMBIER TSI TH b, JE
SBAREWMISZLETN TV SR, TSR KENIE
CEIVERHCBRETELLSTHS. Lid>2T J-M
figkdy — o RSELL, /KR, FORFEARE {75 &
RRRyin 5 1000 RV ERMESEZEL LNBTES.

ARERTIES — 8 LT RRRnin 446 Oilfle =
5z 800°C TREFMEE/KIE A 6 ONCEoKRE HSBEST
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Table 7. RRR of each specimen covered with CaF,.
Specimen RRR
Number Zone condition | Heat treatment | Magnetic field Start Middle Last
7 469%wH, 1pass | 800°C 800 (Oe) 199 185 146
ISIJ 958 dH; 1 pass 3 9% wH, 24hr
1 mm/ min dH, 24hr 0 153 138 116
T-8 469,wH, 1 pass | 800°C 800 272 262 191
ISIJ 960 dH; 1 pass 3 2% wH, 24hr
1 mm/ min dH; 24hr 0 177 174 139
469,wH,; 1 pass 800 150 193 192
ISE]—QQE;O dH, 1 pass —
I mm/ min 0 — — —
46945 wH, 1 pass 800 213 241 135
P-2 dH; 1 pass —
1 mm/ min 0 — — —
469,wH, 1 pass | 800°C 800 681 563 336
J-3 dH, 1 pass 3 9% wH, 24hr
1 mm/ min dH, 24hr 0 213 289 197
wH;: wet hydrogen atmosphere, dHs: dry hydrogen atmosphere..
Table 8. Effect of heat treatment.
Specimen Heat“.'t‘r::atm‘eht' (RRRmm)
Number Original material | Zone condition - Zone refining 312/;"2'\;%? 2¢hr 30%,wH, 40hr
_ 469, wH, 2 passes _
T-1 960 dH, 2 passes 145 279
_ 469 wH, 2 passes L
T-2 960 dH, 2 passes 136 199
B 46%,wH; 2 passes —
T-4 958 dH, 2 passes 239 279
_ 46%wH; 2 passes
T-5 958 dH, 2 passes — 232 267
3Ol IEY - 219 = -
_ A 469pwH, 2 passes .
J-1 J-M dH, 2 passes 396 933
J-3 J-M CaF, — 563 685

wHj: wet hydrogen atmosphere, dH;: dry hydrogen atmosphere.

LT 933 L o7e.
3-4-3 735902, 0LT CaFy 2R LEs
@R, J-M #igk, Puron Migkicth FhEMEIC

CaFy, 253 BNLT/ —FHFE L. CaF, V3Ean

wHROB b, EEBRELSEREL, ¥/ CaF, gtk

ERLLT AP LA BE LEVE ZX50

5. CaF; RS »BE 5 C 2137k, BKER

ARz ExEB LRV EEZLNRBEDT, @b

MEREOHBIMNLZB E LTHEHTHS 5.

L& LIS LB X O TRAREE L DT &
5D, 1 mm/ minFELEEMEE T dH D7 - Table

TEART LS AR L DBEUEEI BEN Db S
TEHRBDBOTV 5.

FOJIx J-M &gk, PiX Puron Higk, Tiii gk
BERLTVS. '

3-4.4 ERFRQEEOLHE

Table 8z 4 DEREFFRT. EAELEDOBEFIARES
SEWX3%E 30 %R{ER L. BB T-113 — 8%
G RRRpmin 145 %5 800°C TiE7kE (3 % H,0), &
KEMBZNEN 24br T 279 @ LTW5S. RE
T-5TiV — R EBKE, BKZELMT RRRun
232 B HITBAKFRLE (30% H,O) 40hr T 267 27
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Fig. 13. Relation between RRR and RRRpjjy.

(RRR 4 in=Electrical resistivity at room

temperature/Minimum value of electri-

cal. resistivity in magnetic field at 4*2°K)
o, BB -1 TRESTEENBEL V.

b Xy, V- mREmis| Loy, RRREO
kR, HAKELBTHECHMELZMLEI®ELZ EHMHT
EHZ LML, J-M Mgk X 5 W &BE A
S vallE & CITHEBTH D

3.4.5 RRRpnin & RRR 0%

Plko7F—2%#RAWT RRRuin & RRR ORAfRER
% LFig. 13 X5t/ bd. RRR 3 150 PLErBRA
= RRRumin VWIk&7%. RRR %3 250 LETE v v
PRI N BRI AR R 2 D T & AT E Ik,
3.5 BRIERLEBETHOER

BEMEGOMBHIMEO—2 L LTREBNZEIEL
7o WRIREFRIRE (—196°C) & 0°C, ZKIROEE S
(—38-87°C) L 0°C, 0°C rko@sA100°CHE X
W O0°C & 7% Y 0fs 2I18°C) OEHEEI 2
ELT. R LBREREEIER VI BRTIRSD
BESKRFBOTLLTREEF—F—LLTHL.
BHRERETRZ2FLAEEAETHEOBEYTHS S,

ABHE 0°5 mm ¢ WHRT| L 7 fligh &4 BEsE Ln T
Btz Shnw X5 KEECE VY, R—EEDOH

WHEBELTVWSOTHBRmECEENLEL,
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Tig. 14. Thermoelectromotive force of pure iron.

LT H v TNVEYEDT.
ZEE NI, BlEOEBIER, EEHAThThIES
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DI, ERCOBHROARE IBEEECIHEFDR
NICHE LR EATEEELVEBENLEES. L
7D CHEE ) L HIEE LV A B0 EERBEGRA D B &
HEXNS. X CZTETIEREL Z2FHO BfRERDS
L, &zple b Fig. 14 © X 51t —40°C =5 100°C T

BEHREEASE LN, L OEEIN TR E LTy
%. Fig. 14 Trx3@atet (IS1) 958) &= T-5
DEIEFRE—HIE LTHRLE.

2ENENE 01V EFCHIEL, 14V FTHEFHEL
7= Blkic kb, BMREDZHORENThbbHEE
R ERT BTN, TOEMRSPEYTH 5.
Table 9 3£ KD RRRumin EHEMTORENME
BRL7. BEMAEDAEEHESRT EREN OfEHE
BAREL DTV E. ZORTOEEREIFIR L2 0°C
25 100°C CoOAETHS. BB ToRIEEFRA
LT 5D TARBEY TH D, KEOBRE S TIRREZEN
INX VB ENERBE b2, 8, M, L 3%
nEN — REE oA, PR, REHOILTTH S
> ¥z Fig. 15 ¢ RRRnin LBERE (0°C o5 100
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Table 9. Relation between RRRy;, and thermoelectromotivé force (used pt wire).
gﬁf:{.:?fn RRR. Thermoelectromotive force mV Tpgf::;;i}‘;ﬁ?gc
—196°C —38-87°C 100°C 218°C,
S 99 — — 1-958 3-928 1958
T-1 M 144 — — 1-963 3-921 19-63
L — — 1-957 3916 19-57
S 209 — — 1-970 3-930 19°70
T-4 M . 239 — — 1-972 3-930 19-72
L 197 — — 1:970 3-934 19:70
S 218 —3-074 —0-784 1-971 [ 3-939 1971
T-5 M ; 232 —3-083 —0-784 1-976 3:947 19-76
L 257 —3-084 —0°785 1-977 | 3-949 19-77
S 199 —3-078 —0+782 1.972 3-947 19-72
T-7 M 185 —3-072 — 1:971 3-944 19-71
L 146 —3-063 —0-780 1-966 3-943 19.66
) 200 — — 1-971 3-936 19:71
P-1 M 366 — — 1-974 3.938 19:74
L 285 — — 1-973 | 3-929 19-73

(/1 V/deg.)

Thermeelectric power

$: Starting end of zone length, M: Middle point, L: Last end.
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Fig. 15. Relation between RRRp;, and thermo-
electric power.
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