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Expansion and Contraction during Hydrogen Reduction of Green
and Pre-heated Hematite Compacts Containing Foreign Oxides

Yoshikazu SUZUKI, Sogo SAYAMA, and Keizo NISHIDA

Synopsis:

Effects of SiO, or Al,O; added to green or pre-heated hematite compacts on the expansion/contraction
of the both compacts when reduced in a hydrogen atmosphere were studied by measuring changes in the
electrical resistance and thermal expansion/contraction and by examining the relationship of the degree

of reduction to the electrical resistance and thermal expansion/contraction.

follows:

The results obtained are as

(1)  Green compacts are reduced fast in the style of a uniform type where the reduction proceeds simul-
taneously at the inner parts as well as at the surfaces, while pre-heated compacts are reduced slowly in
accordance with the core model where the reduction proceeds gradually from the outer to the inner parts.

(2) In case of green compacts, the smaller the oxide particle size is, the slower the reduction rate is and

also the less the shrinkage due to reduction is.

(3) Cracking of green and pre—heated compacts containing foreign oxides must be due, among other
causes, to the local stresses in compact matrix attributable to the difference in shrinkage among the con-
tained oxides of different sizes and, in some cases, to the so—called phase-separated structure.

(4) A clear relationship of the electrical resistance and the expansion/contraction is observed over about
959% reduction in case of green compacts except the compact containing y—alumina and, in case of pre—
heated compacts, over about 90%, reduction when silica is contained and over about 60%, reduction when

alumina is contained.
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Table 1. Oxygen remaining in reduced iron
obtained by gas analysis.

Speci Analytical result of oxy-
pecimens gen in reduced iron (wt%)
5 wt9, a-Si0, 1.60
5 wt?%, amorphous SiO, 0.83
5 wt?% a-Al,Oy : 0.12
5 wt?, 7-Al,Oq 0.53

(Reduced at 900°C for 4h in H,)
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Fig. 1. Reduction curves of green or pre-heated

hematite compacts containing oxides.
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Fig. 2. Relationship between electrical resistivity
" and the reduction during heating in H,,.
(green hematite compacts containing for-
eign oxides, heating rate : 10°C/min)
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Fig. 3. Relationship between electrical resistivity
and the reduction during in H,. (pre-
heated hemetite compacts containing for-
eign oxides, heating rate : 10°C/min)
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Fig. 4. Relationship between expansion/contrac-
tion and the reduction during in H,.
(green hematite compacts containing for-
eign oxides, heating rate : 10°C/min)
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Fig. 5. Relationship between expansion/contrac-
tion and the reduction during heating in
H,. (pre-heated hematite compacts con-
taining foreign oxides, heating rate:
10°C/min)

DE L oWT Fig. 3 wiRd. Z oA, BLUEN
%] 30% %<& 90% ML TEKEHOBABIKE .

¥ 7B ER 30~90% ORI RT HEL, HrT s
FEHOBEVI. Tiobb, ERHRTCIRNEOKE
o oa-v Y, a-7 43 FEAROBEIIEIICHA, A

(a-1) Green compact before reduction.
(a-2) Green compact heated from room temp. up to 650°C. (98% reduction)
(b-1) Pre-heated compact before reduction.
(b-2) Pre-heated compact heated from room temp. up to 650°C. (65% reduction)
Photo. 1. Scanning electron micrographs of green or pre-heated hematite compacts during

reduction in H,. (heating rate : 10°C/min)
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BALMEEA Licd D\ Fh LRITEK 85% (a) %
THTPERLTE D, BTR 95%(b) Lol

DRWERY, BIEHOB NI ZHEEIIIZEAERD
higv, ZOBESRCORLIMi~~21 +DZDBL
CHANTME OB E DI, B X 5 ER&ED B,
HOFBEOENEAEOH 1 RHT FIiERL A2 b
bbhhicbo b Bbhb., kT ERED BEICNT
Fig. 5 WiRd. a-v) 5, EEW >V » 48 OBERET
WERBEB TR LI ~~ 21 r 0 D LARKCET
LKy 30% (a) T ThIcllUE,N L bh, X HIZBT
DL & DI BPBET B Y, BRI 90% () L
LETCHONMETS. —Ha -7 35, -7 FEED

i

(a) No addition. (100% reduction)
(b) 5 wt% a-Si0z. (100% reduction)
(c) 5 wt% a-Al,O3. (100% reduction)

(d) 5 wt% amorphous SiOs.

(98% reduction)

(e) 5 wt% r-Al;03. (98% reduction)
Photo. 2. Scanning electron micrographs of green hematite compacts containing foreign oxides
keeped at 850°C for 1h in H,. (heating rate : 10°C/min)
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(a) 5 wt% a-SiOz. (98% reduction)

(b) 5 wt% amorphous SiO;.

(98% reduction)

(c) 5 wt% a-Al;Os. (97% reduction)
(d) 5wt% r-Al,O3. (93% reduction)

Photo. 3. Scanning electron micrographs of pre-heated hematite compacts containing oxides
heated from room temp. up 800°C in H,. (heating rate : 10°C/min)
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Table 2. Results of XPS analysis for binding energy of pure metals, pure oxides,
and iron oxide containing silica or alumina.

Element Binding energy (eV)
Material Fe(2p3/2) Fe(3s) Fe(3p) Al(2s) | Al(2p) Si(2s) Si(2p)
Pure Fe 707.1 91.4 52.8 U
Pure Al ‘118.9 73.7
Pure Si : 99(20)
Pure Fe,O, 710.5 93.5 55.8 '
Pure AlL,O, 119.3 74.2
Pure SiO, 154.8 103.7
Fe oxide-AL,O; 92.5 54.8 119.0  74.0
Fe oxide-SiO, 92.3 54.8 152.5 101.0

Table 3. Results of X-ray diffraction of specimens before and after reduction in H,.

Specimen A
] morphous ,
m 5 Wt% a-Si0, 5 wt% Si0, 5 Wt% a~Al,O4 5 wt?% r-AlO4
. a-Fe, O, a-Fe,O a-Fe,O a-Fe,O
L 100°C 6h in aic a : 5.032A a : 5.032A a : 5.023A a : 5.017A
f c :13.724A c :13.724A c : 13.666A c :13.677A
a-Si0, .
7-Fe,O4 7-Fe,0O4 7Fe,O; 7-Fe,04
o Fe, O, | FegO Fe O Fe,O
700°C in H, F630 Feao ! Fe%) ! Fe6 ’
° . Fe Fe Fe Fe
10°G / min Fe,SiO, Fe,SiO, ‘ '
a-Sio, SiO, (tridymite) a-AlO, FeAlO,
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XPS THHT LickER% Table2 wind. £RE% 2B
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RLTEY, ThbOERNDERYOEEIZD b
5.
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BRI E &R Lic~=< 21 MEREOBITHI 725
i 700°C FCKREFETL (FEEE : 10°C/min) L

7

od DIRDNT, XEEGTOERS Table 3 iR,
a-> ) N FINTEET ~ ) HEF OBERE Tk, a-~~<
24 T OBRFHEBDH a-~< x4 } (a:5.0340A, c:
13.752 ) TR & A EBE LTV, a-T7 4
i, EFhut -7 FEEOLDIRNTROGETR
BHOVPNELELLTWA., Thby 700°C ¥ CRTT
BEWTRY r-~=XxAf FETAZ LD KEHT,
bIhR<7324 F E&BHOEC—- 73T D BN 513
D, Y)Y HIEEDLDET » 47514 F(FeSiO,) #
LMY O~A b, Ef 7-TAIFEREDOLDOIRAY
F 1 (FeALO) MERFh TR LT W5 DA
BHBND.
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DBEERAR & D BREINAER S O MBI DT LTI R
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Green Compact

Pure Fe,03

5wt a-Si0,

Swt% amorphous Si0,

Switle

x-Al03

A Swt%
7-Al0;

© Single

-
> @ 0O

Eiectrical Resistivity { n.cm)

@

a 1 20°%, Reduction
b : 70°% Reduction
¢ : 90°,Reduction
-03 -02 -0.1 0
Expansion and Contraction(-)

Fig. 6. Relationship between electrical resistivity
and expansion/contraction during’ heating
in H,. (green hematite compacts con-
taining foreign oxides)

Pre-heated Compam

a Pure Fe,05

o 5wt a=Si0;

o Swtfe
amorphous Si0;

A Swil, - Al;03

[|a 5wt 7-Al,04

—_

S

' Electrical Resistivity (-cm)

a: 20%Reduction
b: 60%Reduction
. - ¢ : 90°#Reduction
-0.1 o o1, 02
Expansion and Contraction (-)

9

Fig. 7. Relationship between electrical resistivity
and expansion/contraction during heating
in Hj. (pre-heated. hematite compacts
containing foreign oxides)
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HLThbbh, ¥k r-74 3 F2&08AR5ENE
AMH I NBERENSESHE L0 B, 20X
51 Fig. 6 TH LI LETEREOHMEOHESL D, B
& LT RAER LY OB\ T X 5 EEM RO RINAE &R
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T 54 OB F BB LIS D EELD
nD. ZHEHIE L TESERLOZ M L, b
18 4 OEELSBR T DT EERRIC X 2 JE R ORI 2
WROHME LThbbhicdokBbh, BILE 0%
¥ CORIGABEDBERAE LT R B EHR LT 5.
we, BREBIEHOFEEC IS~ 21 NEREORET
W BT B RERINGE~ D83, Photo. 2 (a~e) 2
LBEHOMNR ISR Y IO TAIFDH, Tk
NFOEEH ) IBIV -7 FOHNELEN
ToBRRF DB X BB R IS5 729, EREDIN
HODHEVHEERNZ EXEBEINS. I, B4
BREHBL T I IEEDOLDET LI FEFEDOLD
DECBEZRER D X 5 723 LWHEELN A BRnyvoll,
Photo. 3 (a~d) TRINB LB T VI FE&5HDEER
O EE I REE TR I N T U SN Y~ 7 »
W7 ERTH D, BICIC X BG4 0 Eii 2 #iid
LT3 THASS.
4-2 FHOREICDONT

4-2-1 EBRHEONHEROMEET X 55E

RERIC OFELER X DIZRIEE~ O & LR nReE
Wk 5 ERORAER L0 BIHEIOWT RIZ BR5.

Photo. 4 i3, fi~=2 1 & a-v V) ¥ EEE
VI ETNEREE LEF Lb 0, XLEHERE
ReRAUBICHELTRFEL, hth 850°C, 1h
KEPChBE LIS O (FEEE : 10°C/min) ZDuT
D=7 v W BE/ERYRT. BERYEBMCES
Lich DDORMITITEHORENEL, BRICHEE LR
T Licd D@ & 5 INMEROMHEN BE U L Bb
hoH Iy FTChle 2> TR BRS. Zhit Fig. 1
THRLIZEOST a-v ) »EEGOERKRCHREER Y
Y WBEOEMEDORITCIIEL, & LRERTLRICKT
5UHERI Fig. 4 8 X0 Fig. 6 T/RENS X 51,
a-v Y HBEED bDOTHNEE ) HBEED bDOD
FHNZ T2, HEDERMTCERRE Ll b Dk
Ezbhb.

4-2.2 BERUEO RGBS BEWEE» DITHT 55

Gl

Table 3 iR LI XFREE RS, 743 72 E&F
THHBEMED a-Fe,O IR TFEROLEMENKE L,
TAIFEFBBELTWVWAEIEEZRLT WEY, Zhiy
700°C ¥ CEILTHE r-7A3IFEEDOLDORITHL
fctBbhb FeAl,Oy, o ©— 7 b Thildbh
7o, R BROKRER a-7 A I FEFOHOIRIT a-
Fe,Oy O FHEE OL 1B by DEEEN DI Te
3, HEIDRIERCcCE ottt Bbhb.
—#R, ~= x4 b ET L 1100°C A5 TEER T
5 EEET AW, ~<x A PRTFOREE HO
BEZHIET 28RN BE e L s, Ll
i BEITABE CEBB AR bt b b WERE L
TWET7 A RT3 0T, BILHEA THH
BN BIRDBIREDBRZTOELY) D BELD K&k
D, TOBRMEROEXHULE LD D EEZDLNS.

(a) 5 wt% a-8i0,. (100% reduction)
(b) 5 wt% amorphous SiO,.

(98% reduction)

(c) White layers : 5 wt% a-SiO,.
Grey layers : 5 wt% amorphous SiOs.
Photo. 4. Macro-observation of green hematite compacts containing silica of different size
particles keeped at 850°C for 1h in H,. (heating rate : 10°C/min)
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—J7, Table 2GR LIAEREN B~ & A P&V AT
KT RIH Th 3o KIS AR R b s A B L
TR footy BER E FAETEOBBE T~ 21 FRT
DR B UIORRE CRERS, i@ LRIGH # s 3
DEEZBID. Liaddi 2T, 743 FuEE LB
HRDRICKN V) 5 OBFCHNTEL b DIk, BTG
W E S 5 N IRPIC s o T LB D,
e 7 NI FRBEA LR G RN Uit CEIL L
B, FocBEEIhic R CEITGIW A D,
OB, BLEOF LWIK TR EMORE
NEEAEENDTHSS.

5. =]

il

fli~= x4 PHRCEERLY L LR ORD v
U, FIET I FERIRE UICEBRERR SO F DB
AR DKRRETCEE T, FERIEWI RIS X
FEE L XBORECONT, THLOWRE(MIZE D
78 5 ERIEY L RIS OB LA BT 5 - Lie X D
MEOHBEN OB Lic. Bbhiffib s ldb iR
DX5ECkD. (1) BILHABCREWT, ~~x1 FEH
IR —CHELOR L, BEREILERE D S
s o TEITHAET. L2 T, ERERFE4 o~
=24 VRTNE R SR a1 VRS & A TE
BENKE LD, —F, BERRBERAE, BN
FCHEATEILBEILD & 2 5 Th T BEEENL b
na. 2 RERBHEEL~~214 FEREL, BT
BECHA~=24 P bR BEWRTOoXER a-v
VA, EFlt a-7 A FEELLORESN, T o
BEWY ) I 1L -7 3 7E2ELDLDODRTEMN
By, —HERETIL, Y 2R B DRERT A S
FEREL L DDOBETLEME. @) i<z A1 FRBV
Y hEEOBERMA, BITARE CRBSRRE L 1T
EREETH DD, T3 FEEDLDITRETERIL 60%
D& AHTEREROEMMNE L kb, EHELELS
Fod F DB OWNHERITA o\, T hE~< &1 b CERE
LCWA 73 FANH T D EELLRSE. () &
BB RIS XHORER, ERETREETHARE
R (b DRIR OB\ NC X B RINMEEDET, T Bk
HRCIE~= 214 CEB L-BER S ITHL, £o
Fh O EBAERE UL DTEEALDEELBNRS.
(5) ~=<&xA FEWEE L OB ORICEARICE
5 BRIBINEL LZRIGE & OB, WiZ OBE 7-
T HEEDL OB ERTLENG 5% UbT, %

TBETRY Y IEEDOL DI 0%, T3 FEHED
b DIEK) 607 DA LEDRITECTRD bh, BILIhicsk
KWFHORBEC X BB TE 5.

BT, MREEDLCHI-VHBIEEY £ Ll
BRFTHFHGBI R ORBE—#%, 7= XPS
X% GBI I ro s T db e R I A AR T 28
Pt ZeLE 0F B OK B B ks X OV M4 PIIRAE /) M 24 o> T B4R
BRI 2R, 7t DO ERE THEH I T 1dbig
BiFKC O bRE#HOBER L E 7.
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