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Advances and trends in high-temperature modification—crystallization
control detoxification of stainless steel slag
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ABSTRACT To date, the recycling technology of common solid waste (blast furnace iron slag) in the iron and steel industry has made
important progress. However, persisting, stubborn solid waste problems urgently need to be solved. With the continuous growth of
stainless steel production in China, the total amount of stainless steel slag has reached more than 10 million tons. This slag contains a lot
of CaO, MgO, and SiO,, which are suitable building material additives. However, the harmful element chromium (Cr) in the slag and the
dissolution characteristics of Cr®" ions limit its large-scale application. For a long time, no effective, harmless disposal method has been
available for Cr-containing slag, which brings great hidden danger to the environment. Given the characteristics of stainless steel slag,
the current detoxification methods mainly include the solidification method, wet reduction, high-temperature ferrosilicon reduction, and
high-temperature modification—crystallization control processes. Among these methods, high-temperature modification—crystallization
control can promote Cr-containing spinel phase formation by adjusting steel slag compositions (e.g., basicity and oxidation-reduction
properties) to improve the enrichment degree of Cr in the spinel phase. At the same time, by adjusting the slag cooling system (e.g., the
quenching temperature and holding time) and reducing the slag viscosity, the nucleation and growth of the Cr-containing spinel phase
can be improved, the precipitation amounts of the spinel phase are increased, and the occurrence probability of chromium in the matrix
phase is reduced; thus, the detoxification of stainless steel slag can be achieved. Compared with the other three detoxification treatment

methods, high-temperature modification—crystallization control has the advantages of a simple process, stable treatment effect, and large
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scale. In particular, solid wastes containing silicon, aluminum, and magnesium can be used as additives to adjust the composition of steel

slag to realize a coordinated treatment of various solid wastes, which has very high economic value. In addition, using waste heat to

modify steel slag directly after slag picking can substantially reduce energy consumption, should become one of the most promising

harmless treatment approaches, and has recently attracted extensive attention. In this paper, the research progress of high-temperature

modification and detoxification of stainless steel slag is reviewed according to its thermodynamic mechanism and crystallization kinetics

principles. On the basis of the core problem of melt modification-selective crystallization, the methods and measures for improving the

detoxification effect are emphasized. In addition, aiming at the existing problems in the high-temperature modification—crystallization

control detoxification of stainless steel slag, development directions are proposed.

KEY WORDS chromium-containing stainless steel slag; high-temperature modification—crystallization control method; chromium-

containing spinel; detoxification; dissolution of Cr®
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Table 1 Main chemical compositions and contents of EAF and AOD slags (mass fraction)

[18-24] %

Slag CaO Si0, MgO Fe,O Cr,03 Al,O4 MnO B
EAF Slag 38.64-50.39 24.01-34.73 4.80-12.63 0.54—4.30 2.92-6.40 2.30-9.55 0.20—6.00 1.20-1.76
AOD Slag 54.10—66.10 24.67-26.50 2.06—6.30 0.20-1.81 0.25-1.83 1.07-4.91 0.16-1.02 2.04-2.49

%2 EAF &M AOD M FZH AL S Cr AT 21

Table 2 Main mineral compositions of EAF/AOD slags and the existence form of Cr!

18-24]

Slag Main mineral phase

Other mineral phases

Cr-containing phase

EAF slag Ca,Si0,4, Ca;MgSi,Og

AOD slag Ca,Si0,4,Ca;MgSi,0g

Ca,y(ALMg)[(S1,A1)SiO;], Al;SiOs, Fe;0y,
(Fe,Mg)(Fe,Cr,Al),0,,Cr,03, CaCr,04, CaCrO,

(Fe,Mg)(Fe,Cr,Al),04, MgO, Fe-Cr-Ni

(Fe,Mg)(Fe,Cr,Al),04,Cr,03, CaCr,0,, CaCrO,

(Fe,Mg)(Fe,Cr,Al),0,4, MgO, Fe-Cr-Ni
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Table 3  Chemical reaction equations and thermodynamic data of
29-32]

slagt

Standard reaction Gibbs free energy

Chemical reaction equation

variation/ (J-mol ™)

(FeO) + (Al,03) = FeAl,04(s)
(FeO) + (Cr203) = FeCry04(s)
(MgO) + (ALO3) = MgAL Oy (s)
(MgO) + (Cra03) = MgCr04(s)
(Ca0) + (Cry03) = CaCr, 04 (s)
(Ca0) + (Si0y) = CaSiO; (s)
2(Ca0) + (Si02) = CaSiO4 (s)
(Ca0) + (Al,03) = CaAl,04(s)
2(MgO) + (SiO2) = Mg, SiOy (s)
2(FeO) + (SiOy) = Fe,Si04 (s)

3(A1R03) +2(Si0y) = AlgSir 013 ()

AGS, = —144225 +53.847T
AGS = -204144+76.479T
AGS, = -224507 +70.710T
AGS, = —250426 + 82.002T
AGS, = —256506+82.002T
AGS, = -181562+32.136T
AGS = -287358+43.179T
AGS, =-208581+53.750T
AGS, = -232410+59.229T
AGS, = —-93882+55.045T
AGS, = -360987 +135.387T
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Fig.1 Standard Gibbs free energy variation curve with temperature for

the formation of binary composite oxides®**
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Table 4 Effect of the binary basicity of stainless steel slag on selective enrichment and formation of Cr-containing spinel

Sla tem Crystallization Heating Cr-containing Cr mass fractionin
gsyste temperature/ °C time /h phase spinel phase /%

. . (CaMg)Cr,0,, Ca;MgSi,Og,

Ca0-8i0,~Cr,0;-MgO Synthetic slag ) 1.0-2.0 1600 24 CaZSZiCi, ,Cagios > 3227

Ca0-Si0,—-Cr,0;-MgO-FeO Synthetic slag ¥ 0.6-2.2 1550 0.5 (Mg,Fe)(Fe,Cr),0,

Ca0-Si0,—Cr,0;—MgO—Al,0; Synthetic slag ** 1.1-1.5 1400 12 Mg(Al,Cr),0,, Ca,MgSi,0, 46.70
Ca0-Si0,—Al,0;,—Cr,0;—MgO-CaF,—FeO - Mg(Cr,Al),0,, glass, MgO,

Synthetic slag“” 1.0-2.0 1300 0.5 Ca,8i0, 35.23
Fe,Mg)(Cr,Al),0,, CaSiOs,

Ca0-Si0,~Al,0;—CrO,~MgO—Fe,0 Industrial slag “"! 0.96-1.96 1200 12 (Fe,Mg)(Cr,AD,0,, CaSiO; 46.06

Ca,MgSi,0,
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i Tl i Ao 50000 K. TR, 45 1 T AR I 2%
FE T 00X Mk i R v B B AR i A AR T R
FUAEBEZE. e Ah, 76 X0 i AT B et g ol A
rh, AT 2 RECR FH R M SR Y Tl R AR Ak 2
TR PR BB, R AR, DS TE R A Tlk AT 4F
SRR AT,

222 FeO WFEXT T A5 4K it e £k & 4 ST 1y
EERAR A A B R I

o8 & B, M40 % LA (Fe,Mg)(Fe,Cr,Al),0, Fl
FeCryO, 7 1€ B 2, e FRBR o 4738 50 56, Cr™ig
H R AR T ICP-OES 1K i BR, BV 2k 2 A1 i
IREE R RS, A5 R AR RN, AN Y
ff FERCR BN, PR, A8 AN 6500 i v % 4k AR
A1 A A AR, WE BB S R, SLRB G 5
Hytafene s,

Li 255 845 T A6 FeO(0 ~ 6.00%) Jifi £ 43 %1
X(45.00%)Ca0—(32.00%)SiO,—(8. 00%)MgO (6.00%)
Al,0;—(6.00%)Cry05—(3.00% )CaF,( JFi & 73 %0) & h
ST R TR A ARAT R T R A . 7E
AU FeO Byt R b, AT H 53 7E CazMgSi,Og
(-5 %51 0.09%) Fil Ca,SiO, (5 15153 %4 0.10%)
AH. MRS 6.00% J5i i 73 4% FeO M &, 5%
JCE AR E ETE (Fe,Mg)(ALCr),0, 11, FH] FeO X}
% R ICRTE (Fe,Mg)(ALCH),0, HHH I & 4
W PR EVE . 341, FeO IR NINMK £, (Fe,Mg)(Al,
Cr),04 tHHT Hi 8 £, SR SCHR [43] I A %) I A8
A, ([E15F B, TEE 6.00%FeO 1 5
) MgO HH Hh ARAG I B T R FEE. X —Z5R S
SCHR [35] AP JE, B Y B KT 2.0 B, K
HB TR MgO M, & T, AR Tl
fi# 5.

X 55 " R A FactSage {4 A5 48031 53 40 #7
T A TA] FeO Jii 2 43 %1 (0 ~ 20.00%) %f F 1. IC & i
& P (46.67%)Ca0—(33.33%)Si0,~(8.00%)Al,05—

(6.00%)Cr,05—(6.00%)MgO( 5 & 73550 ) 22 i A7 FH
Ry L. TTRAAE R R, B i FeO IR
Jin & fy 0 3 &= 20.00%, fiE ¥E FeCr,0, A B 1) [A]
B T MgCr,O4 B, 2R 17 (Fe,Mg)(AL,Cr),04 #7
R R TR X R SRR A TR A
[F] FeO ¥ il (138 & , AP A7 55 [ 1] 1200 °C 1 5%
JC & 7E (Fe,Mg)(ALCr),0, 1 & i #5 ik ) i K (H
(4.1¢). MJ5, Zeng FFWI A 5Y T FeO X H T A MY
& (46.67%)Ca0—(33.33%)Si0,~(8.00%)Al,05—

(6.00%)Cr,05—(6.00%)MgO ( J5i 1 4354 ) i th 4% 0 &
e M DA SR fb A [N AR R s . = iR
(HJ/T 299—2007) £5 5K W, FeO s M 0 3 0
] 20.00%, Cr® {2t B W 2 N 0.1434 mg L' &
f£] 0.0021 mg-L™', i ik T &M A HE &8 iR
HFRAE. B R BRI REAR, — 7 T T FeO 1YY
TNEEEAR T 2R & A [ AR T 85 50 | MEE T R & i
A — & BT FeO A3 TN i 55 o R 4 P AE 4R
v A VA A 1 Hh s DX 4K DT R 4 A TR i 4% X
BOAN, SCHR [45] AR AR A B AR A — 245
¥, 3 9 B BUZ 19 MgCr,O,4 #H . H1H])Z (Mg, Fe,)
(Cr, Fe2 )04 A FI s B A AR 7 52 )R Mg, Fe,Fe,04
AL G5 R AR AR R A A R RS A 5.77 pm
H4 %IJ 8.40 um. Mou FEH A 5E T Fe,O5 X FLIGH
Gt Z T (46.67%)Ca0—(33.33%)Si0,—(8.00%)A1,05—
(6.00%)Cr,05—(6.00%)MgO (i it 7341 ). Bl Fe,O5
R BN 0 3401 5] 20.00% , BT AY 2 A7 AR
P28 ROSE DA 2.74 pm 38 hn 2] 8.10 um, 2R & A AH
% 0 R R T B0 BON 20.19% F % 21 14.61%,

B ARE & R WA, 7F 1400 °C B IO & A A
Br e (2050 1 7.97% %) 15.23%. 2445

il Fe,O5 WS N4 12% W, fE R — 8507t AH 58 4
R, AUVA RGN RAENT . Zeng 5597 7E I
WIS TCHE R WA B AT 8.00%Fe0, i —
RIT FeO H Fe,05 BIARA 1E HIXT T3 rf 4% 70 2 K
FERB B BAT AR . T it A
AN [F] Fe,O5 75 il i (ot 5 73 00 ¥ & 1) (Mg,Fe,Ca)
(Cr,Fe,A1),0,4 "1 4 14 25 4 #4350l R +2.75(5.00%)
+2.71(8.00%) . +2.26(12.00%) , &k i #r 25 MK, 38
B E%JC R TE [(Cr,Fe, A0, W BT 5 I Fb il k. 7
A, 32 IR I ZE IR 12.00% Fe,04 1) i FE H
Cro" %) ¥ 4 o2 1 vk e (1% (0.0079 mg-L™") . A it
Fe,05 [ VS A F T 5% o0 R 7R R f A B K b iy
wAE.

Zi BTk, Zouhs R AR AR 1.4 B AR, Bk
FALPI TR IR AE 0 ~ 20% 22 18] 2454 F) F A 85



s BN NG IR R T o R A RE I B B K R - 583 -

75 P AR A A AT HE Y B PN R AR AR U n
FET, R A B 2 AT R R 2 ELE Y A AR R
SHEER, W, IGR T B9HT 2 T ER R
Bribi . 25 R B B b R0 e 2 A R A R
Ak, R e Fn s 0 AR
e, ANALRE S B0 A9 Hh 4% 0 K Y BERE PR 4R,
HEA—ZMa5 0.

223 MgO Fl ALO; PR T A5 M il vE B PE &
B2 KT 2 4% 42 A A 1 52 )

SCHR JH B 26 B HE Ca0-MgO—Si0,—Cr,0,4
VUG A R F AR O & B R A R MgCr, 0,
HHAr 8RS MO =% UIMC. TFRMA
SERI I A A E, ALOS R 3 pU T i B
BT 22 T [ 5 AR FH 491 U MgCr,04,—MgAlLO,, B
PR AN = (1) ez, Bofit 95 44 MgCr,0,4 1915
JEE REAG, 1 A2 2E T 3 (2) BN Y IE AT, YA
H11) Cry05 R BEFRARCY. i ALO; i I A A FIF
B AE S fib A AR R R T B DL SO 5 A AN 5 A
(AR E FETE.

MgO + xAl, 03 + (1-x)Cr,03 = Mg(Al,,Crj.x),04
(1)

MgO + Cr,03 = MgCr,04 (2)

Arredondo-Torres 55 " il £ T DU ST i & CaO—
MgO-Si0,—(10.00%)Cr,05, —- JCHH EE B ¥~ 1.5,
BRIT T MgO Ji &8 40500 ~ 12.00%) X i 2 HHIE A,
FR ) AR RS E PR B2 . BIF9E & BR, MgCr, 0, J& 12
rh A Y B ke e W) AH. Cabrera-Real 25055 fF 98 T
MgO i 4350 (0~ 9.00%) XF A W T UG i % CaO-
MgO—Si0,—(10.00%)Cr,05—(10.00%)CaF, 71 #% It &
W AETE 2 DL R8s o R AT R R g ma AL, —
JUHRJE B A 1.0. 7EARBIN MgO iy R, Crot &
& % 1F CaCr,0,. CaCrO,4. Cr,05 1 MgCr,0, i 17,
1M 7E A8 0 9.00%MgO 11 i # Hh 4% ot R AN & £ 7F
MgCryO4 1. AS[R) i 28 W00 76 Bt R 1 W rh i 12
SCHG WY, BOAR B E MgO A9 i M 0 384 i |
9.00%, & & W % JC K 1R Tk R R Ok
/NN 3.00% AL MgO BF B I T s T R
()3 H Mk ol 8 mg- L, T MgO it 43 Kl 3 i )
9.00% W} 4% JL 2R (3R W FEAUA 3 mg L.

Albertsson 55 PU T T ALO; & A H ot i &
Ca0-MgO-Si0,-Al,0;—Cr,05 H1 5% 5T % 43 it F1 4%
A A0 BT H I SE R B S X 4. oY R B, B T AR
H ALO; TR AN M 3.00% 341 F] 12.00%, 42 5 A1
HH R FIRE 5 R RIS, BT 8 A9 MgALO4~MgCr,O, Jit
BN 10.20% B H1 5] 16.80%. Cao %52 #5817

ALO; ¥-EICH i & CaO-Si0,—(4.00% ~ 16.00%)
ALO; —(5.00%) Cr,0;—(9.00%) MgO—(3.00%)FeO—
(3.00%)CaF,( J5iz it 43 %) 5% o0 2 W A7 B X 52
M. 7E 1300 °C Hramild B, G E R T ALO; M
SBUN 4.00% 4T3 16.00%, %75 1E Mg(ALCr),0,
FHH R & SERE DA 86% HETIZE 100%. Wang F1 Sohn™!
I T ALOy X (37.00%)Ca0—(44.44% ~ 25.00%)
Si0,—(5.56% ~25.00%)A1,0;—(5.00%) Cr,0;—(8.00%)
MgO(Jit it 4355 T & Bt & h & 55 2 dh A A
IR MR BT AR, W5 R IR, XA S
IR E T (1400, 1500, 1600 °C ) V& i 46 ) 45 5 2
B, ALO; Z & M 5.56% 343 25.00%, i# i
WSS TSR R EEU/NG A B
T U 25% I ALO; Fl Cr,O5 4 BE /K 43 %1
ZHM(152%) it KT MgO Y BE /R 43 %% (10.9%) ,
APTEUAR Crriy Be g 38, g Oy Cr s ik A
BE B A B, A S A A R CE T D T N AR
5.56% ~ 16.67% 2 [8] i}, ALO; Fl Cr,04 Y FE /R 43
B2 I /INT MO I EE IR 73 88, A R TR A
B B Cr 5 5 A B ARIE i, Rt
TEZ T 2 PR 16.67%A1,04 2R A1 S AR FH T
W AR, AR T P AR AR R 2R
fm A1 [TV AR, e /INS R 8 (B Garcia-Ramos %554
HilE T (53.33%) CaO— (26.67%) Si0,—(10.00%)Cr,05—
(10.00%)CaF, (Jii 1 43 50 VU o & il &, 8 k=
W (TCLP) 8% iy B 43 80K 7.4 x107°. A [A] ALO,
V0 S R R IR VR B T I By ok
4.8x107°(5%) . 3.6x10°(10%) 1 3.8x10°(15%), i}
8 0 5 H 20 8 10% Y ALO5 X4 i Hh 88 Fa 58 5L
RIAF. 25 BY T ANEWE L2215 (FeO.
MgO. ALO3) X T iE#EVEE 4 . A il & 8 2 A
SR A A5 S0

ZE L], ALOs U A FIIF 42 & A A R BT
h AFR LR I AR AR — > S U AE; XA [R] Y
Z, XA RMAEEAHE. & ALO; & &1 hn H.
R o B L (A B, AT R T AR A A T ER Y
Cr'Z 542 fhf R I T B A2 o d5e fE A
i, AP S EAAIF E R R A M T o, B3
Crr" =Bk ABEBAH Hh, B h0 Co i Hh AU, A )
TNE . EAEENIE, ALO; FIHLEE 1Y
[F] 80 428 AT R K 1R AR b A AR AT R A
S, R, VR EE RIS i 2 4 o B R R 4%, OF
TE 28 55 BUAS R i 33 280R th R 2P S AT VRN A s
HEIIPN
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TRERLF2ER, 26 45 5, 5 4

RS AERENL ST (Fe,0. MgO. AlO3) X FREREIE T 4 KT th & $5 AR b A A I 52

Table 5 Effect of the chemical composition (Fe,0, MgO, Al,O;) of stainless steel slag on the selective enrichment and formation of Cr-containing spinel

sl " Added compound  Crystallization Heating Cr-containing Cr content in
ag system (mass fraction/%)  temperature /C time /h phase spinel phase/%
Ca0-Si0,-Al,0;—Cr,0;-MgO— B .
CaF,~FeO Synthetic slag!*" FeO (0-6.00) 1300 1 (Fe,Mg)(Cr,Fe,Al),04,MeO 27.21 (atom fraction)
Ca0-Si0,-Al,0;,—Cr,0;-MgO— . .
FeO Synthetic slag”’ FeO (0-20.00) 1550 0.5 (Mg.Fe)(Cr.Fe,Al),0, 27.38 (mass fraction)
Ca0-Si0,-Al,0;—Cr,0;-MgO— .
Fe,0s Synthetic slag"*? Fe,05 (0-20.00) 1550 0.5 (Mg,Fe)(Cr,Fe,Al),04
Ca0-Si0,~Al,0;-Cr,0;-MgO-Fe
O-Fe,0; Fe,0; (2.00—-12.00) 1550 0.5 (Mg,Fe,Ca)(Cr,Fe,Al),0, 12.79 (atom fraction)
Synthetic slag”
Ca0-Si0,~Cr,0;-MgO . .
Synthetic slag!"! MgO (0-12.00) 1600 24 MgCr;04,Cr,0;,CrO 63.98 (mass fraction)
Ca0—-Si0,—Cr,0;—MgO—CaF, N CaCr,0,,CaCr0,,Cas(CrOy);F, R
Synthetic slag"™ MgO (0-9.00) 1600 0 MgCr,0, 33.00 (mass fraction)
Ca0-Si0,~Al,0;-Cr,0;-MgO _ . . .
Synthetic slag[’m Al,05 (3.00—12.00) 1400 0.5 Mg(Al,Cr),0,4,Ca,Si04,Melilite  10.94 (atom fraction)
Ca0-Si0,-Al,0;—Cr,0;-MgO— . . .
FeO—CaF, Synthetic slag™*” ALO; (4.00-16.00) 1300 05 Mg(ALCr);0,,Ca,8i0, 18.23(atom fraction)
Ca0-Si0,~Al,0;—Cr,0;-MgO - =
Synthetic slag! AlL)0O5 (5.56-25.00) 1400-1600 48 Mg(ALCr),0,
=38 & s B2 == 4
3 BERHNE-SRARANRIINENE
o
RHRMSE G _—
o |- recipitation
v; v ~ § /—P
WFE 2 WY, AN 85 B9 i v e A 2R & A0 AH R £ “ Slag
Q
y 3 ) =)
TR/NARL IR 5 Wi H 0 v A R A R R L TR 8
SN » N = g C
A AR i A7 R BT 2 A PR e 8 5 04 4 e
5 N N e A N @z Cy
T P V& 0 Af] B RORS B2, AR A AR RS A 35 4% 2R b
A PRI Bl 1 24 B BRI 4% B3 5 -
B
@ T Eﬁ ?‘E % E/‘J T“ 1z %Yf . Crystal size

3.1 SERMME-SEIXBEANMENNENIE

I it A dn R TE AR R R o R A A AR
B SR A% O K A R, PR o EL A . FEAH
K E) R R A SRS B S O T, JH iR
SEmIEA%. SEMIERZ G, R Y S R o
PR HOE BRSSP b, R R E A B E
AN ) BE AR RO SR AR R AR TR A
A R B 2 15 S AR 1 b 2 R BE W AN T, LA K
R B T T i R AR T, Xt ORI A
RS A K B, R 2 firs, 3 R
TUREE R Co WIS IRV ED RN EE T B, A7 13 4% Fl 2
A A AR, B AR AR 0 RSEh R, AR S T A R
T v I B T e B 43 S O A Gy, WIAE dr B
() A, 5 R e 3 B D A R R T RO ol AR R
dr, PR A B 1Y BE SR R (G~ Cy) AP,

A2 A AR B AR A R R () T B P 3R A

d D 0
I (3)
dt Cn—Cpm\ Or =R

WA 0 4G v 30— DR i 30 7 R, 9 ER B D Y

B2 R A G A A A I BT VR I 3 A )
Fig.2  Concentration distribution of the solute atoms in slag during

spinel crystal growth!®

Fs

ksT
D= €y
61 du

Hd, u,d,op THD kg 43 90 R S AR AR K 3R (um-
min') |, R B AR (pm) | FEREEBE (Pass) | 4t

SoHR R (K FN% IR 25 2 8 %0 (1.380649 x 102 J- K1)

(@) Hy 5 I AR 5L T R0

or/] _

3t (3) 2 (4) T LT th, 47 th A S i 0 2
K% M TP R B D VA R T
S v R T o i 0 BT T 3 P 1 b 4 A
T 2 % (Cn— ) BT H. 11 TR T 5k
T 5 L 0 L 2003 2% A A,
P LI i 2 2 e K. DRI 2R S 7 B
IR T A 0 85 1 A T T - 0
FEBAE. T v U O (520 60
B 5 A 5 T B
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32 AENBERERAEBABEERNERR
vid
8 T BE X T 5 5% 2 di A AR AT H S R

A SCHRBI 5T 3 B O 77 I ma B2 AP 20 4%
T, B 22 1S M S AL i M 4 450, n] LAAT
BB 1 CrO B e . B TR A I v A
[ uR SN R URE ¥ i NN 15/ AL AR AN
A4 . 1M Albertsson 557 fiff 5% FR BH, B 0 1R
FEENE 1 V8 20 3 G F) TR fi A A B B BRI AR
1, I ELAT DABR & 4 b A AR R R 1k

Li 25 BV 5E T 1450 °C F A [a] 44 35 Bsf fa] %)
(46.67%)Ca0—(33.33%)Si0,—(8.00%)MgO—(6.00%)
AlL,03—(6.00%)Cr,05—(8.00%)FeO( Jii & 43 ¥ ) 75 JC
G F A A AR RS AL A s . SR
K B, AR R B ) A 2 e AR v rbobT R T A 08 R 2
AN [] A7 305 B TR] s 0 B HB 0 A AT R 2R A A R
Ca,SiO4 A1 . 5K 1M1 B & O 35 B 8] AN O min 3% fii1 %)
120 min, 23 A Al RSE M 9.42 pm HEKE] 10.73 pum,
H 2 5 A A 1 85 00 2 550 BON 1.38% FEAIR
% 0.68%. Cao %P 55 TR FIHT AIEEEXT (40.80%)
Ca0—(27.20%)Si0,—(9.00%)MgO—(12.00%) Al,0;—
(5.00%)Cr,05—(3.00%)FeO—(3.00%)CaF, ( Jfi £ 73 %1)

3.2.1

b c
Cooling method no.

0 s
S a0 40.95
£ 235
7 30 S
> -= — Cr
Z £ 5l 1865 — e
5 Mg E 17.48
~ L=
2 = 10
= g 5.62
2 =0
=
=
(]
&

Energy/keV

LT A R A A AT I R R, O S
T A AOR B A A BIR MF Y T AR dh A B AR K T AR
S5 FW, 1300 C AT ahiE RIS TR ARG A
G R AR BRI 100.0%, 4% 03 B H R vk B A
F0.01 mg:L". BEAME 1350 ~ 1250 °C A it
RO AN A R T . Li A Xue™ A5 T
AS[E HIHE SRR (46.22%)Ca0—(5.81%)MgO—(1.99%)
AL,0;—(23.60%)Si0,—(6.36%)Cr,05—(6.17%)FeO—
(8.45%) TFe—(1.40%)MFe( Jii /3 %0) Tolvik & &
BEAHZH R T R T B R A, LR, R
) ¥ H0 SRR AR T 0 A AR 2, T R AT
A4 JE Mg(Cr,Fe,Al),0,. Ca;;Mg,(SiOy),. (Fe,Ca)O.
MgO Fll CaO #H. AS[R] B2, (R4 A 3 5 01 A F1)
IR fb A AR AR I BAZ A K, LS Comin™ 19340 R 1%
HI i 7, 2 dh A R B B 28T Hh e A RCSE 4 il
J& 36.69% 1 38.74 pm; i 7K VE& HE 2 AR A
AH B e 27 Hh B AR 43 J31) 2 33.69% #1119.51 pm.
ME 3 0] LA, MK BB R, ZRE R PR
AT A AR R R BT R, X R TR B RS
Fe'' Wy B BT &, 5546, SCHR [59] A AR & A
A AR R Cr® i B T AR ) 4544

20 pm Irregular morphology h%

. —
L AT
N e
o, A
! )
7
e .
I8, et
|
. .
g ¥
. L
15
AN
4
a b c

B3 3 PR S AR A RO RIS ICRI EDS 3470

Fig.3 Cr-bearing spinel growth and EDS analysis under three cooling modes"”!

Zi L RAL, OB RS U AR AR Tl AR, B
ARHIT il B2 | SEE AT At 0 A P ] 19/ ¥ 00 3 R
PIREAE HE I AR AR A B AR SR TIAE Tk AR
7R Al BB A B R R R I TR] AT el /) B 45
AL RS E R AT, B T AW A" T 25
B BR ], A9 AR ME S B v 20 [N A4 Y
HIF 5 P 07 2R A8 A ik P T A0 94 203 3R 1 4 5 T
RS — R I B9 ) T R, BT AN [ R
I [11) % 2 fh A A AT 52 o B B B ) 2 2 LU
S 4R 3 — A S G B0 A AR ], Ay S R i A
IREEIHFE L 2 BOR S AL AR BEal . UK, B AN [

VA 1 T AR AR AR R A IR R S S
S, DT 5 265 v ¥ 20 TR A0 A 2 1 HL A
AR
3.2.2 TN ByO5 X T4 fi A AHAT H 52 R
WEAE A SRR H R T, BT B-CaySio, K4
FHAR T i, y-Ca,SiOy, 18 A i A R K 12%, F: 3L
A R, IR T 7S A % R L Ghose S50 I
AT 2, B,O; BARAF IR RERER, BA
7 4348 0.13% 11 B,O5 3t 7T LUKE Ca,Sio, Fa i il
BrmAl. LAk, BoO; FEHKE A Hh i 2] IXLIR TR 51 i AR
FH, RO A S8 A P AR SSA B, BRAR T M5 14
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TRERLF2ER, 26 45 5, 5 4

R 5 R UL A6 B 10, (R Zh B i L H A 1K, 2k
AR A R A AR T R

Lin Z£ 58 T B,05 X CaO — Si0, — (8.00%)
MgO—(6.00% )Al,05—(6.00% YCrO, T IC& il & b
BT R B M, —ITiE B oA 1.5, WA,
TINS5 & 1 H9 B,05(0 ~ 6.00% ), A 2t 78 it 2 W)
FHZE K. 2.00%B,0; ¥ 1l & 1 75 #5445 US-EPA-
3060A J7i%i i1 Cr* it fa i B 5 /1M (0.21 mg L),
KT R (0.5 mg L"), BAE B0, N
KT 2.00% By 7, 2 b A iR ROGHERKR, SR
%R R B A, X R TSR E R Ca,Sio,
AH T B 9 4% 5 1A T .

F A4 O 55 T B0, Xt Ca0—Si0,—(10.00%)
MgO—(4.50%)Al,05—(4.00%)Cr,05—(6.50%)Fe,0 (Ji
o) N T A O &R R T R A X
Wi, —JCHRE B R 1.49. 25 R, US04 8
0.50% 1] B,O5 Bttt R 155 TR TE Mg(Cr,AlFe),0,
FH A & A IR B T 81.9%, T AR TR B,O5 # 1)
AR R 27.1%. Wu 5 158 B,0; X%l &
B 5 i T & B, A 1500 °C B, A2 IR 350 min, 780
J5T i 3 48 0.50%B,05 1 80P M v A i A A 1 R
M 9.27 pm A1) 27.21 um, 4R 5 A1 4 H Y Cr,O;
& N 35.65% H8 N F) 52.66%, F W ) B,O;
SERE I HE AR A A AR A K

Li Fl Xue!™ i 58 T K [A] B,O3 (0~ 8.00%) %S
i X 5 K SE PR Tlk i &R (46.66%)Ca0—(5.81%)
MgO—(1.99%)A1,05—(23.60%)Si0,—(6.36%)Cr,05—
(6.17%)FeO—(8.45%)TFe—(1.40%) MFe( Jii & /3 %)
W S A AT R R, e B oA 1.96. FE
700, 1200 F1 1300 °C Hrfmi BT, 4.00% 1 B,O; s
i e A R T R AR A A AH AT AS TR BT A
Uk 2 X6 N7 ) 2R A AR T R (BT o 4 850 43 R
14.30%. 9.40% F1 8.70%. 53 4b, ¥ W45 Z= it & 43
£ 4.00% 7545 19 B,Os A A TR Al A FHI K K, 24
TS TIN5 K T 4.00% B 43 1 B A9 i 1 1 i, T2
M2 IR 65 1R

4 RESRE

T AN B S A AE T — LK
MREHET b, S8 T AHEN SR,
WRR S T A B AL AR, &Rk
PE—Hr SR e T H T 2R, A AR A E
AbHL R, AR E] T R, B Bl
F 8 B RS T ). 3% % 38 3 1 A s b 2 By
(MgO. CaO. Fe,O. Al,O5 %5 ), v 7% i 5 il B (H7

T BE L INERERE ] | VA R ) AR A8 ok S AN i
BERY H Y. W 3% 00 2R TR I Y 0 A A R R
AR BT R, R 3 e A AT A 4 43 B L
TR AR 1 I B R AE 5E A — LUK AR S5 1 i
). FE I, BT a0 R AT i R R Tk B B 5T A
TE B )8 4 I B & R T I AT T B,

(1) HATA & ZJ0 B X T A 85 897 75 4%
A A7 AHATT HE 52 ) 8 B0F 9% K 22 3 Ak 2530 B Bl
B 2, X T2 bR Tl s 5 /0 vh K. i Tk
B Tl v 9 B3 BN A2 2%, — T B X 5 5% AR b
Ay TS A T T ML B R A g K R ML A 7 A 5 i)
AN R 6B R R s R, A B TAE R
AT 0E (T ICHE . = JOHRE DY e A ) X
Tk 2 b 5 4 A AE BT H T e R AR F
BE AN, 76 X0 T R AT AR et A Tl 3 R S
05 5 S A, ] 2 ORI M R Y Tl
[ 2 B AR Ak 2= R R A B, BRI AR, DA S e
KO Tk AT RSt F e B nl AT 0E. B, ALO; Ml
i, B P W) A AT R R e b AR AT s R
A, BRI ER T IR B el AR 22 Al Ak 22 143, I HE 2 58
S Tk 5 R0 v 4R B A A A T A S A T ST Y
PIA L.

(2)E LY (Fe, 0. ALO,) s YA FIF R4
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