5 53 &5 1 JiE SO > B < N Vol. 53, No. 1

I

2025 4 1/ JOURNAL OF THE CHINESE CERAMIC SOCIETY January, 2025

http://www.gxyb.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20240464

1o R A [ B e 5 R R B B RS SRR EE R AT

BRE REXL B KL BLE AAK £ B

(1. 1 PEAg A BRI KM R IR A ], KJE 0301005
2. MBI RS, BRI SnEEE RN =, Bl 430081)

W OE: LB KRG I B AR TN R, R 35 S5 Rl SRR MBS N R R, B AR F S E R
BRI (0%~50%, FREH0), KIIREAMES, $1% 7 AR RN R BTN KRS TR, R ERIE R T &
TV S AN [ SR A B S PR BE S T K L SR AR AT e 5 SRR IR ARG PIMNBE RS K T iR A &, (kT HRgsid i, o
AR T RGN, DR T RS KRS R BRI TR AR JTs AN 10% KRG, RERSALALE R R (31.2 um), FLTHAA
G 15.9%, EEfilf RS, W TR, AR R 488 um, FUEAT IR, FEEEE SRR, RSN SR
TRt T B ges, HSALImAEN, LA SAN, XEE T R NPUESBEERE, EIEMIRE RN MR &5
N 50%0, SALFLAREN24.6 um), LA 9.7%, KIERA 7B buE AR, AR EESCH 275 im. &5,
SEOTHEIE A . IR . SLSEH . MgO—-Ca0-Si0, = ek, IAMUE R DL K& O S5, IR T ks e it kA
L A IR A T O 5 S ML

KEEIR): BRI KMRL B AR prEtkee; BAEHW
FEDHS: TQI75  XEARERE: A XEHS: 0454-5648(2025)01-0114-11
4%t ARETE) . 2024-11-19

B KM R B A KB E S RO EREN RS ES B H S T A SR, RI
I, PUAERMED RN, BRI GILAN 5% (RESBOKRE & B E A B 5 E ey
W AR E R A, HEREEES, PEREAH Y EARERERE, TN 25%H 5 845 &
MR EE, fEmiR Tl p R4 T EEMERY. R RS T RS R TURIREE(C/S=0.7) 112 ik
M, BEEBEE KR Z R, ARSI fe. b mr L, PRABEERE I 1RO
WA I H 25 e pE AR KR SRS, BT EEE NS, R 4R
R R BT, HETDUER] 30%mKF, (SiOy+ AL O3+ FeyO3) & B A FTtm, ¥ nf fik
KA S ERPIRD, MAHERIERIGT . BRI MR PUE R v B = AR O . AR
PSR T G EIOR A, BERREE SRR IAEE T, MR IR B AR BRAS A U R AT R AN 4
P54, R L BRIE, e E R W, B RS 5N B KRR R
BEAE 7= I R ) Be VR A DL R B, R, B MR ARE D R, R LB AN A
T 3B A% A5 B i KM RE A ) (E AR HHT, TN BEESIN KRR LB 7T
Xt SE BUBE A R KA RL AT R R R AN B PR R R AR e DURURE R kot G oA BT g
MEBEAEZEZ L, FHHAEF EIE 3060 X Kk H n, e EMEd Ry P BRI RT
FR(ED 2030 FERTHRIEIE. 2060 AT P ANFIEFE  CaO-SiO, 5 CaO-ALO; X ANE CaO & & HIER
HORFEARRARAE A . G MAT R, SREKH, & CaO SEAFT

AR, REFBEAEESE T KA R E B AP CaO-SiO, W 2 th, T AR T HK 4T
FI I Rk bt sz B FEAO L, filtn, 2REPIRA CaO-ALO; #Zh. F &SR I S HRERT

Wk HH: 2024-07-16, BT A 2024-09-03. Received date: 2024-07-16.  Revised date: 2024-09-03.
HEETH: EREREEFE4S(U21A2058). First author: LI Yuangao (1987-), male, Engineer.

BE—1EE. Flm1987—), B, T, E-mail: 13633512860@163.com

WEEE: B 9s1—), W, Hid, #dw. Correspondent author: YAN Wen (1981-), male, Ph.D., Professor.

E-mail: yanwen@wust.edu.cn



5553 &5 1 ZEleim S5 TR0 AN (R R A S I BRSO R U AT - 115 -

T AOD H(EEMLBRIR)E XA RE (112 P L,
R DRI A B 7 B AN I N8B N
PERESEIR PR EHE T CaO (AR, WK TR 4544
T PR B S 3 SR s - BT Si0, MR HBE . 1A
AR R i P A P A R R 5 SO A% 1 3
Vo 1IN VOD Jr(E A AR S AT
REHAT o0 bT, RIS KA 1) [ L= 47 A A
T, 5 B i AR R TR A0 A K AR
vk o ixeerf e A A ST
B TAMVARES X} RS HEAT R LR AT, IX X 42
BRI KA} R BT PR RE SR AL T ERIR TR R

BT FIRHETL, XTI KRB IE 517
T DL A A, IR RSO R 1) 5 N KR
5 TR KA ) 35 50 0 B PR RE (0 Sz L
Mo BRI, BRI A AR, 5k
BT BAR I IR A B T KM R B v AR T
SR, R A P A AR SR M S B BUR R B
BEA IR KPR 5T 2 PR v R S e HTLERAS 5
FI Mk, AR TAERG 35 BSE R B
By o BE RS 4H Ry A1 — 52 Eb 0 [a] Wi B A T ok TR R
(0%~50%, &/ H) A WAk 5, &l
2[Rl SC IR A B A TR B AE T KA LS R, 38
i SHERR B R A BN, B T SR I K
WML G B A2 b (R T3 40, 48 715 0 AS [+ i
B B R T A AT R, TR
B IR A 5| N Ko 55 5 T KR 1470 T A2 e A T 2
BUEE . Mk, 8 ERERLE, SEHEEM. 15
MR EE . RALEE R . MgO—Ca0-Si0, = oA A .
JE LAY DL S ) F LU AR, 2R G T
o Tk VS 6T A ) R T £ £ PR 5 6 T KM R 328 I 38 43
A AT A o

1.1 RHEEFIF

BT FE DR g 1L 16 A 26 G KB KA B BR A
H PR AL 35 45 B R (AR S 3.18 g/lem®, <AL
K 4.96%~6.62%)~ [ E B 5Ok AR % R
3.04 glem®, SALE: 7.34%~7.84%). EEALAIK
BERC AN DL R s R AT . SRR 35 5 kAT
b, SRR E R Si0). ALO; 245 & & fird
e wAEE EEE SN Si0,. CaO . Fe)O5 .
ALO;s, TRFE(C/S) N 0.97, NFFMRMEE . 24k
R IR 1 s, IR IR BT & 2 200 il
0%+ 10%-+ 20%-. 30%-. 40%-. 50%, Mck})5% 5

AR E TR R 1 min, 15333
N200 H (75 pm) PR R4, IR AR R BT
5 200 H BRI AVERES LR ) 517 A 30 min.
bifE, ERA AR E TELE YT 100 MPa H1 % Y
N @36 mm FHAM. B, KGR A TR
1600 ‘CHRR 3 h, BEIPAED, FRIGAF RIS R
BEAGT KA R SR, AR AL S E N
Fedh FO. FEdh F10. FE&L F20. FEdh F30. FEd
F40. B F50. R38BT FHEEES B R [RISOR A
BEASANNY . BERDAIRY . S 4LRFE S m AR 1AL
SR 2 FioR.
1.2 SEEEMALE

SR FH R VA AT R A RS, W 1 BT
7N, K E RV R H % 10 mmx10 mmx10 mm H 7 B
BTG re e, meEEI RSN 2 g, B
5 ‘C/min fFHEIE R AR E] 1600 'C, fRIL3 h, B
WAH
1.3 MEERIE

WA REE M (EDS, INCA IE 350 Penta FET
X-3, Oxford, UK) 137 & S 414 Hi 7 R (FESEM,
Nova 400 NanoSEM, FEI Company, USA)M £ 4%
R 56 J5 ST AL R S R, FRREAT X R Sy 4y
#To K H FactSage6.2 # /)% ¥ /f Phase Diagram 15
He5 Equilib 5, 7E 1600 ‘C. 1.01x10° Pa Fit%
MgO-CaO-Si0, = uAH El5 & 2H iR Al s ik ik 2|
TP R R 2. B R R R
FactPS. FToxide f1 ELEM, A% ESMHILM, W
AR A BRAR A . A Image-Pro #UFSHARER
SALFLEE S A LS AL TR o ek AT Gt b, LT
U O FLR AR S B S T AR E A

*1 WERECHARL

Table 1 Formulas of experiments

Particle Mass fraction/%

Raw material

sizefmm  gp  Fl0  F20 F30 F40 F50

MgO-CaO 4-6 18 16 14 12 10 8
aggregate

1.4-4.0 34 30 26 22 18 14

0-1.4 28 24 20 16 12 8

Used brick 4-6 0 2 4 6 8 10

1.4-4.0 0 4 8 12 16 20

0-1.4 0 4 8 12 16 20

MgO-CaO 0.075 10 10 10 10 10 10
powder

MgO powder 0.075 10 10 10 10 10 10
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Table 2 Chemical compositions of raw materials, specimens and high-silica slag
Mass fraction/%

Specimen

Si0, ALO; Fe,0; CaO MgO K,0 Na,O TiO, B,0Os
MgO-CaO aggregate 132 0.59 0.95 32.35 64.75 0.01 0.01 0.01 0.01
Used brick (4-6 mm) 1.50 0.62 0.83 32.07 64.93 0.01 0.01 0.02 0.01
Used brick (1.4-4.0 mm) 2.34 1.30 0.84 32.61 62.86 0.01 0.01 0.02 0.01
Used brick (0-1.4 mm) 1.80 0.92 0.93 30.74 65.46 0.01 0.11 0.02 0.01
MgO-CaO powder 1.66 0.79 0.93 32.10 64.48 0.01 0.01 0.01 0.01
MgO powder 0.66 0.32 0.87 1.79 96.27 0.01 0.05 0.02 0.01
FO 1.39 0.63 0.94 32.30 64.70 0.01 0.01 0.01 0.01
F10 1.45 0.68 0.94 32.24 64.65 0.01 0.01 0.01 0.01
F20 1.51 0.72 0.93 32.18 64.61 0.01 0.02 0.01 0.01
F30 1.58 0.76 0.92 32.12 64.57 0.01 0.02 0.01 0.01
F40 1.64 0.80 0.91 32.06 64.53 0.01 0.03 0.01 0.01
F50 1.71 0.84 0.91 32.00 64.47 0.01 0.03 0.02 0.01
High-silica slag 45.66 2.09 3.59 43.52 2.67 0.06 0.05 2.36 0.00

Sessile drop method: B
High-silica slag erosion tes f' :
BT SRR IR T R T B i K AR T R AR T AT D il
Fig. 1 Sessile drop method: Erosion behavior of high-silica slag on the matrix of MgO—CaO refractories

2 ZER54%

2.1 IBMRESEZAA

B 2 ki S5 FEL 1600 C 4RI 3h 5 KR
FERR, BRI JE 7RI 3R T 4
AR G E(E A BRI AR R DL RE S
WEEZ A . BRE, BN 10% KRG,
TEXTRE i F1O 45 R FE 5 R (1059 um),  Fl @ THIAR
b B K (95%), #Efilfl B /N(19.5%). h)E, BEE K
WE SRR, SR 8N . e FO
R F40 SRTNE Z 53R, X2 [FEREH I
i Bof B AR AR B0 T 8
22 REEWMERSH

N T B AT & R B ST RS A,
DU RE e % AR Y v e A e DX 3 [ O
22 (G0 A ToU T[]0 1R 2R b 1 BRI Y), MBSt X

B EURE T iR v e R O Ak, DURA AR B4 mT L
PESUHERTE. B 3 NS AR v A ks
5 S AL I BN, 5l R ER IS JRR
JZ 2 A7 AR BB AR RS0 X I 2 SO IR hE
HE 3 Af W, &R S kv ) 5T )
& IEE AR E R RS, Hodr, FESD FO R ik
BEIEER/AN, N 214 pm, B0 10%ERERE S F10
R E IR, N 488 um, HRESEKR
T 30%J5, KT R B R R R B IR
BN o

2 SEM Al or#T, 25 4R FE 2 W] 1) B Es 14
ZESBUIN, DRIA AR Tk e R IR b F10 SAARER
JERE Z BN 5 EDS 45 . 4 RS F10 4
A A PRI S W A B SR . R 3 oA
4 WX RIS 1~ 12 Y EDS 4551, #i4iE EDS 45 %
1E 1600 CiHE T mim AR . I oA



ES3EE 1

e S RO AN PG S R SRS PR U AT < 117 -

SiO,. CaO Ml Fe,05, M, ZEMKIR(E 1. A5
M 8) S HEZM Fe,05, i WAHZH A3 BN
A, REXI(E 2 FA 3)FEH Sio, fl Ca0 41
B, ERAIAH R EEE N CasSi0s, PR X k(A 4)

FO

N

7 8 8 20

\
M\

ml
F10

7 8 8 2
N

y '
F

30

y 1
i

(5}

i il

F40

I

Slag area ratio
i [

7 8 8 2 Slag area ratio
bl 95%

Slag area ratio

Slag area ratio

Slag area ratio

WEARZM MgO; #1232l MgO. CasSiOs
5 CaO 411, MgO FRL [ 1 45 % ] Fe 05 A2
B CryOs: FERLUT J7 1 55t JZ 1 e il 0 AH 25 1k
FEFHN MgO. CaO FIZ> 5 [FHAH

e

Eroded depth: 588 um

63% Contact angle: 23.8°

Eroded depth: 1059 pm
Contact angle: 12.6°

I il . m—
Eroded depth: 923 um

89% Contact angle: 19.5°

e o

Eroded depth: 920 um

90% Contact angle: 20.7°

(T V V | o
o Slag area ratio Eroded depth: 792 pm
81% Contact angle: 20.5°

Il A
Hlﬂllulllm mnnw [l —

Eroded depth: 625 um

91% Contact angle: 19.9°

K2 sl Rl AR

Fig.2 Morphologies of specimens after slag-erosion test
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(d) Lower section of the slag-eroded layer (e) Cracks

B3 & AR A R S R

Fig. 3 Microstructures of the slag/material interfaces after slag-erosion test
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Fig. 4 Microstructures of the interface for F10 specimen after slag-erosion test

#*3 E4HE1~5 12 H EDS R
Table 3 Compositions of points 1-12 in Fig. 4 (EDS results)

3 0,

Point MgO ALO, sl\i/[gzss fractl()cnig 08 Fe0s Possible compositions (1600 ‘C)
1 19.71 8.74 3.04 11.90 56.61 Composite spinel, Liquid
2 0.95 24.47 71.94 2.64 Ca;SiOs, CaO, MgCr,04
3 4.04 23.94 70.40 1.62 Ca;Si0s, MgO, Ca0, MgCr,04
4 12.66 25.26 62.08 Ca;Si0s, Ca,Si0s, MgO
5 1.79 4.15 64.35 6.11 23.60 Liquid, CaO, CaCr,0s, Ca;SiOs
6 78.99 5.18 15.83 MgO, Composite spinel
7 4.94 23.95 69.04 2.07 Ca;Si0s, MgO, MgCr,04, CaO
8 1.85 421 63.52 6.07 24.35 Liquid, CaO, CaCr,0s, Ca;SiOs
9 1.14 3.70 4.24 46.73 44.19 Liquid
10 4.77 24.06 68.05 3.12 Ca;Si0s, MgO, MgCr,04, CaO
11 10.28 3.75 66.70 19.27 Liquid, CaO, MgO
12 1.09 98.91 Ca0O, MgO
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Table 4 Apparent porosities, bulk densities, median pore
diameter (Dsy) and pore area fraction of specimens

Specimen Apparén.t Bulk - . Dsm Pore érea
porosities/% densities/(g'cm ™) fraction/%

FO 8.36 3.00 27.7 13.2
F10 8.87 2.99 312 15.9
F20 8.28 3.00 28.9 11.7
F30 8.86 2.99 294 13.6
F40 8.60 2.99 26.9 12.6
F50 9.10 2.99 24.6 9.7
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Erosion Behavior of High-Silica Slag on MgO—CaO Based Refractories Containing Recycled
Brick Materials

LI Yuangao', SONG Jinwen?, YAN Wen?, SHI Huiying', LI Fengyou', PEI Qiang?
(1. Shanxi Luweibao Taigang Refractories Co., Ltd., Taiyuan 030100, China;
2. The State Key Laboratory of Refractory and Metallurgy, Wuhan University of Science and Technology, Wuhan 430081, China)

Extended Abstract

Introduction MgO-CaO refractories exhibit superior characteristics such as high refractoriness, good thermodynamic stability, and
superior slag resistance. They perform particularly well in steel purification and improving steel quality, playing an important role in
high-temperature industries. However, utilizing used MgO-CaO refractories becomes a challenge as the use of these refractories
expands. Effective recycling of used MgO-CaO refractories can mitigate environmental pollution, conserve valuable land resources,
and lower energy costs and carbon emissions during raw material production. The high-value utilization of used MgO-CaO
refractories is thus critical for sustainable development.

The recycling of used MgO-CaO refractories has attracted recent attention. Some researchers regenerated MgO-CaO refractories
using used MgO-CaO bricks, reporting that the regenerated bricks exhibited comparable physical properties to the original ones and
showed an enhanced resistance to low-basicity slag. However, the effect of used brick incorporation on the slag resistance of
MgO-CaO refractories are still lack, and the underlying mechanism remains unclear.

The existing research on the slag-erosion mechanism of MgO-CaO refractories mainly involves static and dynamic slag
resistance experiments or on-site industrial tests to analyze the original bricks. However, the random distribution of aggregates
complicates the analysis of the effect of used refractory content on slag resistance, making it difficult to elucidate its impact on the
refractory. In this study, six groups of MgO-CaO refractory matrix samples with different used brick contents (i.€., 0%—50%, in mass
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fraction) were prepared via mixing MgO-CaO aggregate, MgO-CaO powder, MgO powder, and used MgO-CaO bricks, and crushed
into fine powders. This approach eliminated the influence of aggregate distribution and focused on the matrix portion of MgO-CaO
refractories. The slag-erosion behavior of the matrix with different used brick contents was analyzed to clarify the impact mechanism
of used brick incorporation on the slag resistance of MgO-CaO refractories.

Methods MgO-CaO aggregate (bulk density: 3.18 g/em’, apparent porosity: 4.96%—6.62%), used brick (bulk density: 3.04 g/em®,
apparent porosity: 7.34%—7.84%), MgO-CaO powder, MgO powder, and high-silica slag, which were provided by ShanXi Luweibao
Taigang Refractories Co., Ltd., China, were used as raw materials. After batching, each aggregate was separately crushed in a
vibratory crusher for 1 min to obtain a mixed powder with a particle size of 200 mesh (75 pm). The mixed powder was then placed in
a mixing barrel and homogenized with 200 mesh MgO-CaO powder and MgO powder for 30 min. Subsequently, the homogenized
powder was placed into a mold and pressed into ¢36 mm cylindrical samples under 100 MPa. The green samples were sintered at
1600 ‘C for 3 h, followed by furnace-cooling. Finally, the high-silica slag-erosion test was conducted by a sessile drop method.
High-silica slag was pressed into cubic blocks (2 g) with the sizes of 10 mmx10 mmx10 mm and placed at the center of the
MgO-CaO matrix samples. The samples and slag were heated to 1600 “C for 3 h at a rate of 5 ‘C/min, and then cooled within the
furnace.

Results and discussion At the addition of 10% used bricks, F10 exhibits the deepest slag penetration depth (i.e., 1059 um), the
largest spread area (i.e., 95%), and the smallest contact angle (i.e., 19.5°). The slag penetration depth gradually decreases as the used
brick content increases. Microscopically, the interface between each sample and high-silica slag is comprised of a slag layer, a
slag-erosion layer, and an original layer. FO has the thinnest slag-erosion layer (i.e., 214 um), while F10 displays the thickest layer
(i.e., 488 um). The slag-erosion layer thickness decreases when the used brick content exceeds 30%. The pore analysis shows that the
average pore diameter is the largest (i.e., 31.2 pm) in F10 and smaller in F50 (i.e., 24.6 um). The pore diameter is smaller than that of
FO when the used brick content exceeds 40%.

According to the thermodynamic calculation and the MgO-CaO-SiO, ternary phase diagram, the primary reaction products
between high-silica slag and MgO-CaO refractories are Ca,SiOs; and Ca,SiO,. The slag-erosion model simulations reveal that the
maximum difference in liquid phase content is only 5 g, indicating that minor variations in phase composition are not a main cause of
the different erosion behaviors. However, liquid phase content significantly affects the sintering behavior. An appropriate liquid phase
content enhances a wettability between solid particles, promoting particle rearrangement and filling voids, forming fine closed pores.
Liquid phases encapsulate pores, preventing them from being trapped within crystals and preserving their shape and position, thus
leading to a uniform pore structure. F10 has larger and more pores, while F50 exhibits finer pores. As the temperature increases,
high-silica slag melts, and smaller pores absorb slag more readily due to the more intense capillary action. In contrast, larger pores
with a weaker capillary action accommodate more slag and have a greater surface area, thus increasing slag penetration. The
interfacial reaction in F10 is more intense, decreasing the contact angle and promoting further reactions. Compared with MgO, CaO
phase exhibits a higher reactivity with SiO,, forming Ca;SiOs or Ca,SiO,4, which are gradually eroded by slag.

Conclusions High-silica slag exhibited an erosive effect primarily on CaO in the MgO-CaO refractory matrix. In the slag-erosion
model simulations, the introduction of used bricks slightly increased the liquid phase content at 1600 ‘C, while the composition and
variation of the phases during the slag-erosion process showed minimal differences. This was not main factor contributing to the
different erosion behaviors. The liquid phase content significantly affected the sintering behavior of the raw materials. The pore
diameter reached its maximum when adding 10% used bricks, and as the content of used bricks increased, the pore sizes in the matrix
became more uniform and smaller, enhancing the slag-erosion resistance of the regenerated MgO-CaO refractory matrix. Utilizing
MgO-CaO aggregate, MgO-CaO powder, MgO powder, and used bricks in appropriate proportions could effectively enhance the
slag-erosion resistance of the regenerated MgO-CaO refractory matrix. This improvement could be further optimized via strictly
controlling pore size according to the adjustments of material composition, particle size distribution, forming pressure, and sintering
conditions, thereby significantly enhancing the slag-erosion resistance of MgO-CaO refractories.

Keywords magnesium oxide—calcium oxide refractory; matrix; regeneration; slag resistance; microstructure



