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Effect of Fe;O3; Addition on Phase Composition and Fabric and Densification Evolution of
Ca;Mg,Al3046
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(College of Materials Science and Engineering, Xi'an University of Architecture and Technology, Xi'an 710055, China)

Abstract: Ca;Mg,Aly046 (C,M,A 1) refractory has a superior high-temperature performance for high-temperature kilns. In this paper,
a ternary compounds-CoM,A 14 was synthesized via high-temperature solid-state reaction sintering. Effects of firing temperature and
Fe,0; addition on the phase composition, fabric and densification evolution of the specimens were investigated. The results show that
the C,M,A 4 is generated by the reaction of CaAl;,019 (CAg) with spinel at 1650 “C, and is produced in large quantities at 1750 C.
The densification evolution is accelerated with the transformation from hexagonal lamellar CA¢ to polyhedron C,;M,A 4 and the
appearance of eutectic liquid. The hexagonal plate of (1,1,15) preferred orientation is changed to the rhombohedral of (119) preferred
orientation after adding Fe,0s, and the densification evolution is promoted, and more dense synthetic products can be obtained at the
same firing temperature due to the solid solution strengthening of Fe ions. The apparent porosity, water absorption, and bulk density
of C;MyA 14 (1% Fe,03) specimen fired at 1780 ‘C for 3 h are 12.5%, 3.9%, and 3.20 g-cm’3, respectively. A high-temperature
refractory is obtained.
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FJ1) CaAl;,09 (CAGAT MgALO, (MA)K A SN 11
13, CMLA 4 AHJE T =77 éi & R3m 2 (Al F . 2000 4,
De Aza U IKHE T C:MA 1y LA VIR
e, FFHEE Iyi SRR HEERRSECH a=
5.5812(3) A, c=79.921(5) A. Hilf, CaO-MgO-Al,0;
I KA AL BRI 72 32 AR R iR AT, A
KN RS . BARE . B, RH PR &,

CoMaA 14 MEFEA mE S IRV R L 171 #4
e M S L, B AT T ) S AR T A AR KL
BB AAT . SRR AT UR ik B K T RO
MRS . 2015 4, RE5PEERIN 8% Cao
G, KRTF CaO-MgO-ALO; = otk it kT RIAE
1000~1 600 C KR 5 BUEAFRRE . 2017 5, FE
SR IN 4% (TR %) Lay0s HR A P25 1%
SELRAR RN KA R ECRE . 2019 4, B Esgl
JEITTE CoMLA g MR I 0~3% MnO, H T Mn**
R ] VA S S A 8 A Mg MinALOs HIAERR, AT
HRT CoMuA L MEHAIEZIK RECFIAT %, H+H.
E 1750 "C HALHR 5 HO B BE N 3.21~3.33 g/em’,
VR ALERTE 0.4%~1.1%. A4, 25022 cao.
MgO. ALO; NFERHE R = Tu &) C:MoA 1y, BIFFE
RIAE 1650 C, MA F1 CAq KA ¥ s b AR Bl
CoMbAys; £E 1750 C, CoMoA 4 KN EFREEH
2018 4, 2 ik A OV P A IR e &5 1k o) %t B
CoMbA g, HRAFLR, B, SR, Wi
I Vickers A 73 A4 0.13%.3.71 g/em’ . 262 MPa.

2.23MPa'm'"?. 12.95GPa, 7E 50~1 400 ‘C 4%
ik 200 8.92x10/K ™", 25 C. 350 ‘C G HAE 4>
W4 23.25 W/(mK™. 19.42 W/(m'K™), K15 T
EIA . 2021 4F, BORAE SR B 5 12
AP T S AMC M RL, SR AR A
3.35g/em’, WKE N 1.5%. 2017 4£, Sasaki T 2512
FIFI R A R SERFFE T Mn 524 X7 Ca;MgyAlygOus
SERLL BRI IR R, RIL Ca;MgaAlygOue
FEEUREERE R T Mo 7RI AN IR T
KA AREEEIM "E—'A2 BT . AT 3RS CMLA Y,
PRI KA RE, A5 06 Bk S50 FLAE B i R Hh i B0
PREFE B AR ZH B ASREATIR NI A, DM TE 5 e sl
M NI ECR R R TR SRR iR KA R

AR TAE CABRIERES  ZE8E0 . JBtbe A AL E N okl
K FH e il [ A e e 459055 e CaMbA g, R T k%
B E (15004 15504 1600 1650 1700, 1750 °C
AT 1780 C) KN 1% Fe,05 (B &3 H) AN ngsxf H
FHA RIS AR B B A RE I R

1

1.1 HmbE

DABRERES . 38:0 A S Bbe A s N R, @
i X-BHER 56 i (XRE) 0 8 3 R4k 2
A, Wk 1PN, R ERATECRE, JERHEC
LR 2, AN 1%FF) Fe,O5 (4r#i4di, DL Fe it
69.8%~70.1%).

F1 ERECFERSER
Table 1 Chemical composition of raw materials W/%
Material MgO AlLO3 SiO, Fe O3 CaO Cl Na,O Others LOI
Magnesite 44,98 0.13 0.43 0.58 1.88 0.00 0.00 0.02 51.95
Calcium carbonate powder 2.07 0.20 0.30 0.05 53.5 0.01 0.00 0.01 43.86
Calcined alumina powder 0.23 97.93 0.22 0.09 0.08 0.00 0.53 0.13 0.40
W—Mass fraction.
*2 BRERELL 1.2 #EmRIAE
. . 0, NOITION \
Table 2 Ratio of raw material wW/% FIH P ANalytical Axios T X2 5 5 S B 4
Sample MgCOs Al,O3 CaCOs; Fe O3 i~ N . o
BT R ZE R, LOT S AR GBT5069—2015
CoMyA 4 8.86 80.07 11.07 0.00 N Ly §
%32 =i NP e [ TAN D Phaya 1000~
o oy e CBEH TR KPP RL 255070, KB

Yo e SRR L AT IR RE, N 8% M ARHK IR
Wi, FEEL24h, 7€ 100 MPa T-JE &AL, RN
@10 mmx10 mm; AR HAA T 12 h, FEET
AT 300 60 CHI90 CH 5T 3h, 110 CT
24 ho THEJEFRFEAE 1 5004 1 550, 1 600
1650, 1700, 1750 CAlI 1780 CHEAT 3h BEko

1100 °C . A D/Max-2200 4 X-5F 66T 5H4% K Jade
AR TR I ARA R, SRES 26N Cu K 45
SR (A=1.540 6), FHHX[A] 5°~90°, FIH Gemini500
T 3% R G 9 4 F T R OB e R AT B A
FAE . FIH METTLER TGA/DSC 3+%1 #443 #r A3 %
YRR TS A B b, MRR& N BRARATE,

TELE 25~1 550 °C, Jn#GEZN 10(°)/min. FH
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AL, ARFPETE 25~800 CAE1ER =M ARIER . VIUh
J AR R (25~459 C) I R 2 W B 7K 1 2 i B 4R 3K
JRWIRE R o fE 459~643 C R AW N, [F
TG MR R IR RN 4.5%, ZIREER AR &
RILG e BT 10 0GR AR B R B & AR 43 A S S T
H CO, Sk TE 643~796 C R AN, IEIT,
ST TG M4k, FENVRZEA 5.3%, 1% B E
o SR I A B TR N A e R A AR S i
SN COL Sfk e 1E 996~1 057 “C R AN,
HIFERF R Ca0 5 ALO; KA RN AE K CaAlLO40 1E

1057~1 134 ‘CRAETBHSN, H 52D & CaALO,
524 AlLOs RAERMNA R CaAl 070 1E1134~1272°C
KA, HIEFZE CaAlO; 5E 4K ALO;
KA AR CaAl 0190 1E 1272~1 333 CRAK
PO N, HIFERZE MgO 5 ALO; KA N AE R
MgALO,> 1, 78 1333 CULJE, ulRE & & 2L
FURRL, A CAq H MA KEA K.

2.2 KHHBFLHE. BARETREMGES

22.1 CMA il f£1500~1780°C, B
FERIFEE, CoMaA L IRFER R AFLE . K E K ik
U FE AR AN 2 BTz . IRFRTE 7 MR SRR
3h 1) XRD w1 El 3 fias, iR R AR X R
WA 4 R, 2T, BEEEERT

CoMoA 1 IRFER AL . KRB AR, A
RN, HE3 R LLE H, fE1500~1600 C,

B ARFEHIEE CAg. MA J2/bE ALO;. CA, .
TE 1650 C, AFEH ESIHA CAcw MA, Faill 2]/

K1 CMA, K TG. DTG # DSC Hh£k
Fig. 1 TG, DTG and DSC curves of C,M,A 4 precursor

B2 CoMA R AFLEE MoK AR 2 B e il FE 1) A2 Ak

Fig. 2 Variations of apparent porosity, water absorption and bulk density of C,M,A 4 specimens with firing temperatures
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Fig. 3 XRD patterns of C;M»A 4 specimens fired at different

B CMA M, 4548 4 WER], £ 1500~1600 C
Z 18], RFE R R ARG R 2 K SRR BOROIR B Ak 1
CAG A0 B IRDIR AR H) MA M, BT KENCIR ik
AFAEAFI TR SEIECRAL,  ULTEIX 3 MBS
T, BN SAL, BRI IN 52.0%.

51.3%- 50.3%. MIfEFZE 1650 CHF, IR
o ARMKORAFAE,  (HILI IS FLERAEXT 1 500~1 600 °C,

RS, BRILEN46.5%, WoKFEH23.8%, K
TSN 1.94 g/em’, X2 BT PR 1A CAq 195
5 BRDIR SR MA AR 454, BUEBCIR SRR S

3 NEE IRE R C A IRFER "Ef vy Y I = 2 & y
3 AFIBEREIE T CoMoA MFFH) XRD ¥ BERWAE IR, BN AR R, XIS

firing temperatures BRI, HAREAWINR. SiRERE 1700 C
(a) SEM photograph at 1500 ‘C (b) SEM photograph of box (A) in Fig. 4(a) (c) SEM photograph at 1 550 ‘C
(d) SEM photograph of box (B) in Fig. 4(c) (e) SEM photograph at 1 600 ‘C (f) SEM photograph of box (C) in Fig. 4(e)
(g) SEM photograph at 1 650 C (h) SEM photograph of box (D) in Fig. 4(g) (i) SEM photograph at 1 700 C
(j) SEM photograph of box (E) in Fig. 4(i) (k) SEM photograph at 1 750 C (1) SEM photograph at 1780 ‘C

Bl 4 AFIBERGEEE T R 3 h 9 CoMyA, BFE M A 14 SEM IR A
Fig. 4 SEM photos of C;M,A 4 specimens at different firing temperature for 3 h
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i, CoMuA AR, CAgFIMA AR A,
AT EERRK, HHULIERT, CAqH MA R4
RAERZ T EY C:MA L, N FER (1)
Fime TEZIRE S, RE CMA, & = KRS
I, EARFEAR S R 1 650 CARALIF AR, K
SELR A ISR AL, R EASFLEN 39.7%, UK
HN18.1%, I N 2.07 g/em’s L5451 4 53 Hr
" 1T CoMuA 4 M AR SE M R B FEA EHE,
MIREEEL 1 750 CHF, XN E A CoMA L
WA, IR AR R AE AR, (HIEESRAR SR, o RS AH 443
K, FFHIURIEM, AR ECE LR R,
WASLER OKERIRFFC, AHELEL 1500~1 700 ‘Cii
FEBARAIT S, eI R RALERN 18.7%, WK N
6.2%, IR 3.06g/em’. 24 ETFE] 1780 °C
i, =tk SV AT EINSA], Sk R AE KN
B, (EANTTHCIRTAR CAg FEAL N Z A CMyA s

BRI, BAILEEE 18.4%, WK
£ 6.1%, TEIZIRIE, —Juib & Wit om T i i g
REAE(1,1,15) & T R

CaAl ;20195 tMgAL Oy —Ca,MgrAlgOussisy (1)

# 3 9 CoMoA 4 B R A ARTEAS AR
(1 fo SR AT S Ao 0 B PR AR AR . BRI 3 T DU
H, BEEBEFEMT S, CAg (220) 0 I 10 g FE 2 P4
i, MA (311) 4T IAT S 06 vy B2 O ek, HL &
CAg FIFHEIE 2, 1650 T, = 04bE1) CMbA L
AHAE(0,1,26) df T L, 2 J5 B & R 1 T A
CoMbA 4 (1,1,15) 8 11 FRIATT SR U vy BE S 14 n, - 3 —
BN CAs 5 MA KARMNAER=TCILED
CoMLA 140

B 5 N CoMyA 1 IRFELE 1750 ‘CARIR 3 h It s
TR R TH 0 B T B G A EDS TR
WA, S AL ROPRCRI R = oG

&3 CMAREPRIMIIBEARRIRE TRSBITHIEMIESEMTLIFR

Table 3 Trend of highest diffraction peak peak values of the same phase in the C;M,A 4 specimen at different temperatures

Strongest peak height value

Specimens

1500 C 1550 C 1600 C 1650 C 1700 C 1750 C 1780 °C
ALO; (220) 43 105 0 0 0 0 0
CA; (311) 31 64 23 22 20 0 0
CAs (114) 508 474 498 417 0 0 0
MA (311) 251 230 259 234 65 82 44
C:MA 4 0 0 0 82 (0,1,26) 566 (1,1,15) 717 (1,1,15) 746 (1,1,15)

Figures in the table are strongest peak height value; (hkl) is the indices of lattice planes corresponding to the diffraction peak.

(a) SEM photograph at 1 750 'C

(b) EDS spectrum of Fig. 5(a)

K5 CoMpA, JlGRE R RETE A B 2 #r
Fig. 5 Energy spectra and backcattering analysis of polished C,M,A 4 specimens
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Y CoMyA 4, TERERLI NEAEE MA AH, BP=JT Kl 6 7y CaO-MgO-ALO; =tk R#AHKE . HilKl 6
WED CoMuA L, FEEE MA M, Z4ERS XRD AL, CAsn MA Al CoMyA, = A A 2, HEN
W RIS, BOCER1S)AT A, MA MRESEE 1758 °C, mubrr CUENT, BeliR ks 1780 Cik
2135°C, BA REFH i H R . FEBCE AR IR, SR SRS 5 A K.

(a) Ternary phase diagram of CaO-MgO-ALO; with 1% Fe,O3

(b) is higher magnification of the Aluminum-rich area of Fig. 6(a)

Kl 6 Factsage 7.1 2l = oA
Fig. 6 Ternary phase diagram figured by Factsage 7.1
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222 5IN1%Fe,0: /1 CMLA i FE H =7t
WA CMA PR AN SN 1% FeyOs J5 ek
RFERUE FE A A I 7 . B 7 a7, B
FHIRFE T E, W E ALK WK SIZE T R
N, ARRREE BRI N, H5 RN FeO5 iFF 1S
AL FERE (B 2)MEE, 7E 1500~1650 C, Fe,Os 5]
ARFRE B8 A A B i, X% B TR R
IS ORI, RaiintRESH. K8 N
ANEREE R CMbA 14 (1% Fe,05) IR FEAI XRD it .
E8FIE 3 |l WL, 7E1500~1550C, 20=67.5°KtiT,

B 3 CAg g7 2 AN 2] ALOs AH, 1T 8 HT CAq
WA 2 U ARASINE] ALOs AH,  TASIIE] MgAl oFey 04
Ao GIREILF] 1700 CH, SBSILERN 37.1%,

WKEN 16.2%, HBEEN 2.29 gem’s 2iE %
EH 1750 °C, 5ARIFe,O05 IAFEAHEL, EAFLEE.

W KR AR B AR &, RS ALERE 18.7% R
B 15.2%, WKEH 6.2% FFEAN 4.8%, RFA#
i 3.06 g/em® F T )y 3.14 g/em’®s 248 R T £
1780 ‘CHY, 5NN Fe,O5 IFEAHLL, IRFESZIL T R 4F
MECEL, BAFLFE K EEA, B ILR
N 12.5%, WIKEA 3.9%, AN 3.20 glen’.

Z: ) SCHR[10-111RT 50, SR B # e il 6 7 13k
BT A CMoA L RS ALEN 0.13%, AR
WPEON 3.71 glem’s BOKHE %K HUA 3RS0
AMC EAHIMEL, ARFUEE N 3.35 glem’, WROKEHA
1.5%. XTI, RH—P kg, 4Mm 1%
Fe,03, £ 1 780 CHRIE 3 h #1451 CoMLA 4 IRAFERY
BONEUE, G T —MEESIR KR, UM
[ 1] % 7 V2 AR AR B AR AR KT LE LR 4.

GEONTHT A R0, 7E 1500~1 650 °C, 1T Fe’ i1
SIN, BT MgALO, FFI— /N ALY, S
TEFE A £ AN CAg 1. MgAl, gFey 04 H K
DB CA K, HEI3 ML, [FIFEFE 1650 °C, Al
DB =T A oMo A L. SIRE EFHEI 1700 °C,

R EAE SRR CoMaA L, HILHEN, K&
CA¢ HEREARMNAEKR CoMA 4. 2R E RIA
1 750 °C, % Mg(FeAl)O4 REATH, IR
CoMoA s FHIIATHTETE SR80, W T 98, Ui B
Fe,O5 M5 NAFITRFERIbESE . 44N 1% Fe,05
G, BT FTEAI KT AV, HL, Fe'
BT MgALOH I —H 5 AT, A Mg(FeAl)O,
Rfth, TERCH PRE SR E AR, s 7
m A PER, B8 m TR R N E T, A
Fe,O; MU RT3 m ik iR B FERE, (H251H
P CoMLA g iR HTE ¢ T A, Rk T3
Mgeds, ARTRAFESEN. BERETEE
1780 'C, 5K 3 FAHRNREE T ATHTUEAEL, 1&g
SRR, R AR, oot AR
(LB kA T AR, 520294 33.58°, FRIERTHIE
ST IO, LI AT IS BEAE DN 1050, XA
(119) k1, @id A PDF K A &1, & A EE
d=2.6570; AR Fe,O5 il A (R I AL 7E 20 2978
36.26°, W&y 746, XFRI(1,1,15)6 0, @it
4 PDF R M, dnlmAlEE d=2.467 0, N 7 id—
WHAE, X =T0EY) CoMoA 4 AT T EhA& 2R S0
%6 X B AT I, B9 HR AR SR S0 A5 i T 1)
PF d=0.247 nm, % & A B 5 (1,1,15) 4 1 (8] PR A AF
A, XL 2 ZRAAFET T BRI, CoMaA L,

B 7 CMA 4 (1% Fe,O5) i BRI B A FLR . WK ARFSE B B B8 i IE 5 AR Ak il 25

Fig. 7 Variations of apparent porosity, water absorption and bulk density of C,M,A 4 (1% Fe,0;) specimens with firing temperatures
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(1% Fe O3)iRFEHT d {H KT CoMaA 1, ikFE, BN
Fe,O5 8K 7 i A% 110 o T R0 8, 17 o T (10 9 K 1R
i T8 7 2 o7 PR HE T

5 N CMA L (1% Fe,O5)ik At B R A 72
ARV E R () S AT SV A Ve i () AR e s, R 5
T ARRAT O W FE AR, RIS AR B T SRR AT S U

(e E(hkl) . B2 5 W0, BEERER T,
BUFE - AH XRD A7 5 6 (B AR XS A2 4K, CAq
(L 14) & THT PR AT S 06 v 52 P3EAIC s MIFA (311) i T PO T S8
WA R % 1650 CHF=J0H A CoMLA L, 7
8 RFIRIEIE T CiMbAL (1% Fo,0s) it BEH XRD it (0,1,28)dn a6 E i, BEHEIREFmZ 1700 CH
Fig. 8 XRD patterns of C;MA 4 (1% FeyO;) specimens at 1750 CHE, E(1,1,15) T FIRTH IO IRl , i
different firing temperatures JEIXF] 1780 'C, = JuAb &40 e AT S i i A3

F4 HAEERBILIER

Table 4 Basic physicochemical index of specimens

Physicochemical index

Specimens Fabrication methods
Apparent porosity/(g-cm ) Water absorption/% Bulk density/%
CoM,A 1™ Hot-pressing 0.13 3.71
AMc!™ Electric smelting 1.5 3.35
CoMA 4 Pressureless reaction sintering 18.4 6.1 3.06
CoMyA 14 (1% Fe,03) Pressureless reaction sintering 12.5 3.9 3.20
(a) TEM photograph (b) HRTEM and SAED photograph

K19 1780 CORIR 3h ¥ C.MbA 4 iFE TEM M
Fig. 9 TEM photos of C;M,A 4 specimens at 1 780 'C for 3h

£S5 CMA (1% Fe,05)ik it R FHIHEE A RIRE MR BRLTET IS SEMN TG
Table 5 Trend of the highest diffraction peak peak values of the same phase in the C;M,A 4 (1% Fe,0;) specimen at different

temperatures
Strongest peak height value
Specimens
1500°C 1550°C 1600 C 1650°C 1700°C 1750°C 1780°C
CA; (311) 23 27 21 20
CAq(114) 435 420 387 320 70
MFA (311) 263 252 275 225 44 16 64
CMaA 32(0,1,28) 242 (1,1,15) 318 (1,1,15) 1050 (1,1,9)

Figures in the table are strongest peak height value; (hkl) is the indices of lattice planes corresponding to the diffraction peak.
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AT AL, AFE9)dRTH, FHAEZIREE AR, XY
EEARIN Fe O T ) fp ik e e oy B2 K B, R
“EYNEERENZ.

AN 1% Fey03 5, CoMpA 4 K (1) A 45 1)
WK 10 s, BEERERT G, ERSRET,
RN Fe, O3 WA B MAHLL, WFESALA
Bl e BT CoMoA L BA R A BYZE R, R
PRI ¢ BAE K2R, 1 Fe’ i 3E 1k Sk 1
F, ARk R A K SR FE e 4

Bl 11 9N Fe 05 I FEAE 1750 C R 3 h il

(a) SEM photograph at 1 500 'C

(d) SEM photograph of box (B) in Fig. 10(c)

(g) SEM photograph at 1 650 C

(j) SEM photograph of box (E) in Fig. 10(i)

(b) SEM photograph of box (A) in Fig. 10(a)

(e) SEM photograph at 1 600 ‘C

(h) SEM photograph of box (D) in Fig. 10(g)

(k) SEM photograph at 1 750 C

Je BRE R T 15 Bl HE T B AR A0 EDS HLTRE
LR, mE 11 fTRUEH, 1750 CHRHAFER
s =TT EY) CMA s IREBHHY Mg(FeAD)Oy,
Horp B XN Mg(FeANO, A, KEXIHN CoMA 4
Ko FHHM Fe TLERMDARKE, FIAK Fe''35%]
MR SIEN . GIN 1% FeyO5 Ja, XkelihfE
91780 CIF, HHIE 8 AT, 5 1750 “C I Befi ikt
LR SR R A, (1,115 8 AR A (119),
VIR ) 2R AR A, H SR AN 303 AR
TEEHES, A REETARAES], IR T B0

(c) SEM photograph at 1550 'C

(f) SEM photograph of box (C) in Fig. 10(e)

(i) SEM photograph at 1700 ‘C

(1) SEM photograph at 1 780 C

E 10 KE%E&]&IF;{%/& 3h B,(] C2M2A14 (1% F6203)iﬁ$$ﬁﬁ%&%$@ﬂﬁ)#
Fig. 10 SEM photos of C;M,A 4 (1% Fe,03) specimens at different firing temperature for 3 h
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(a) SEM photograph at 1 750 'C

(b) EDS spectrum of Fig. 11(a)

11 CoMyAyy (1% FeyOs) Ml islie i RE 15 A5 U 70
Fig. 11 Energy spectrum and backcattering analysis of polished C,M,A 4 (1% Fe,0;) specimens

3 @

1) 7E 1 500~1 650 CZ[a], A A
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