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Table 1 Chemical and phase compositions of magnesia species

W%

Index species

Grain size of

wW(CaO)/W(SiO,) Phase composition

MgO SiO, CaO ALO; Fe,04 Other MgO/pm
Fused MgO 97.35 0.50 1.12 0.08 0.76 0.19 2.24 Periclase >300
Sintered MgO 93.33 1.72 3.12 0.16 1.08 0.59 1.81 Periclase, Merwinite, Andradite 150

W—Mass fraction.
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Table 2 Experimental formula

wW/%

Raw materials Diameter
Sample F Sample FS

Sintered magnesia (SM) 3-1 mm 5.0

1-0mm 5.0
Fused magnesia (FM) 3—-1 mm 20.0 15.0

1-0 mm 45.0 40.0

88 um 19.5 19.5
Flake graphite 150 um 12.0 12.0
Si powder 13 um 3.0 3.0
B4C powder 75 pm 0.5 0.5
Phenolic novolac resin - +4.0 +4.0

(liquid)
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Fig. 1 XRD patterns of FS treated at different temperatures
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(d) EDS spectrum of Fig. 2(c)

(g) EDS spectrum of Fig. 2(f)

B2 231000, 1400 CHI 1600 CHEGRIALIE I FS 4 SEM IRy
Fig. 2 SEM images of polished FS sample coked at 1 000, 1400 C and 1600 C
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Fig. 3 Fracture micrographology of ruptured samples F, FS coked at different temperatures



F2Eme VE O

B S BERD ER P 2% UM X BB KR R0 A A el Wi AT O FR R + 2099 -

FEEZRIRA R, RHRRESEDIITIN, S
VLS4, (23 1 K B A >,
2.2 3Bt

2 3 NBERRRE M 200 “C 2 1600 C H AL FR S Y
VIERMERE . EHHER 3 WA, B P ERIE TR
FE i B AL A B3 5 e a3 . RIEVE 2]
IR 200 ‘CFEE 1000 °C, RIAE & A 45 A 77 I s p
NEARAEZR, FEMEAILERENN, BEASE
1400 ‘CH1 1600 C, )57 H TR Mg,SiO4 A1 SiC AH,
B e AU PRAIG B SALER TR i AR RR S FE TR

A S R AR B AR, ) 2 A 3400,
BEAN, BT R B B LA B FEO R AR R
FEdh FS —EARFFA LUAE M F S 0 B AL A
AR RIEE .

R4 NBEMEL I EERE. R 4 I, HIER
THEM F, 22200 CREMALELS, FEdh FS 157 1kRe
WA REAS, AmamiiiabilE, e tkstm T
FEED Fo BBAE, #Fah FS BA AR & & 1 S iR T3 o5
FE, RIS NEERRABRb e, BRI KA R
i 1A RE IR AT B 1L

R3 £2200~1600 CHASLIRIF EMATF R AT 1T RE
Table 3 Physical properties of MgO-C samples after heat treatment at 200—1 600 C

Apparent porosity/%

Bulk density/(g-cm™)

Sample No.

200 C 1000 °C 1400 C 1600 C 200 C 1000 C 1400 °C 1600 C
F 6.9+0.2 11.5+£0.2 10.7+0.1 10.9+0.3 2.934+0.01 2.89+0.01 2.87+0.02 2.83+0.05
FS 7.7£0.1 12.2+0.2 11.2+0.5 11.4+0.6 2.90+0.01 2.87+0.01 2.85+0.02 2.78+0.02
F 4 £2200~1600 CHRACIEFERRIEMBI S FIERE
Table 4 Mechanical properties of MgO—C samples after heat treatment at 200—1 600 °C
Sample Cold modulus of rupture/MPa Elastic modulus/GPa Hot modulus of rupture/MPa

No. 200 C 1000 C 1400 C 1600 C 200 C 1000 °C 1400 C 1600 C 1400 °C
F 20.8+0.8 6.9+0.1 12.5+0.6 9.44+0.8 49.1+1.3 14.1£0.1 28.240.1 26.4+1.3 11.2+0.1
FS 20.0+£2.3 7.0+0.3 13.3£0.3 11.7+£0.4 48.3+0.7 15.3£0.5 28.5+0.5 27.9+0.8 12.5+0.4
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Fig. 4 Cold modulus of rupture (CMOR) and the residual

strength index of samples before and after thermal

shock (TS), after thermal shock and reheated to 1 600 ‘C
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Fig. 5 Load-displacement curves in the vertical direction of

MgO—-C samples
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Fig. 6 Cross section of MgO—C samples after splitting

x5 SHAHSENRSH. AEKRERELRE

Table S High temperature fracture parameters, coefficient of thermal expansion and modulus of elasticity of MgO—C samples

Sample No. ~ Temperature/C E/GPa a/(107%k™) ont/MPa G/(J-m™) Gylonr/pm Ley/mm Ry/(K-m'"?)
F 1000 11.7 9.82 201.1 44.7 116.2 9.4
FS 1000 10.9 9.31 230.8 52.5 129.9 11.1
F 1400 26.6 10.9 400.7 54.1 194.6 8.0
FS 1400 24.3 9.7 493.6 68.6 2313 10.4

E is elastic modulus; o is thermal expansion coefficient; onr is nominal notch tensile strength; Gy is specific fracture energy; lq, is characteristic length; Ry is

thermal shock resistance.
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Sample FS, 1000 'C
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= Cracks propagation along interface between aggregate and matrix; == Cracks propagation in aggregate; == Cracks propagation in matrix.
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Fig. 7 Crack propagation path
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Table 6 Microscopic fractographic investigations for MgO—C
refractories after the wedge splitting test

Sample  Temperature/ Crack
No. C IC,GG/% IC,GM/% IC,MM/% IC,GM/IC,GG
F 1000 9.3 512 39.5 5.5
FS 1000 6.9 62.5 30.6 9.1
F 1400 12.1 46.8 41.1 3.9
ES 1400 9.8 59.3 30.9 6.1
4
5 MgO (5)
Ca;MgSi, 05 (s) Ca,Si0, (s) Liquid (1)
2 [CaFe,0:(5)
g Ofc..
=) Spinel (s)
5l
4 i . ,
1000 1200 1400 1600 1 800
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Fig. 8 Phase changes of ordinary sintered magnesium from
1000 °C to 1800 °C
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Fig. 9 Phase change of the liquid phase into the matrix
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Fig. 10 Thermal expansion of MgO—C samples
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(Wuhan University of Science and Technology, The State Key Laboratory of Refractories and Metallurgy, Wuhan University of
Science and Technology, National-provincial Joint Engineering Research Center of High Temperature Materials and Lining
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Extended Abstract

Introduction MgO-C refractories are extensively utilized as lining materials for smelting equipment (i.e., converters, ladles, and
electric arc furnaces) due to their excellent resistance to slag erosion and thermal shock. Nevertheless, under high scrap ratio smelting
conditions, MgO—C refractories are subjected to mechanical stress due to the introduction of scrap steel and thermal stress caused by
frequent fluctuations in service temperatures, resulting in a substantial reduction in their operational lifespan. It is thus crucial to
further enhance the mechanical properties and thermal shock resistance of MgO-C refractories. In recent years, effective approaches
on the composition and structural design of materials are explored, which include the construction of nanostructure matrices,
light-weighting and strengthening of magnesia-based aggregates, the introduction of novel additives, and the optimization of
secondary carbon in binders. Among them, calcium magnesium aluminate (CMA) aggregates as a novel porous aggregate have
attracted much attention. At elevated temperatures, it induces a partial liquid phase within the material matrix, effectively mitigating
internal thermal stresses, repairing micro-cracks resulting from thermal shock, and facilitating the formation and growth of spinel
whiskers. Consequently, a substantial enhancement in both toughness and thermal shock resistance of the material is achieved. In fact,
ordinary sintered magnesia aggregates contain certain impurity phases, such as merwinite (with a melting point of 1550 C) and
andradite (with a melting point of 1 170 'C). When conventional fused magnesia aggregates partially are substituted with ordinary
sintered magnesia aggregates in the preparation of MgO-C refractories, localized liquid phases can be generated within the matrix at
high temperatures, which may serve a similar function to CMA aggregates. Compared to CMA aggregates, ordinary sintered magnesia
aggregates are more affordable, resulting in a substantial reduction in production expenses and facilitating the efficient utilization of
low-grade magnesia. In this paper, ordinary sintered magnesia aggregates were selected to partially substitute conventional fused
magnesia aggregates in the preparation of MgO—C materials. The microstructure evolution, mechanical properties, thermal shock
resistance, and high-temperature fracture behavior of MgO—-C refractories containing ordinary sintered magnesia aggregates were
investigated.

Methods MgO-C refractories were prepared via substituting 10% of ordinary sintered magnesia aggregates (W(Mg0)=93.33%,
W(Si0,)=1.72%, wW(Ca0)=3.12%, and wW(CaO)/w(SiO,)=1.81, w is mass fraction) for conventional fused magnesia aggregates
(W(Mg0)=97.35%, W(Si0,)=0.5%, W(Ca0)=1.12%, and w(CaO)/W(SiO,)=2.24) with a flake graphite as carbon source, metallic
silicon powder and boron carbide as antioxidants, and thermosetting phenolic resin as a binder. After thoroughly blending the
aforementioned materials, bar-shaped specimens with the sizes of 140 mmx25 mmx25 mm and standard brick specimens with the
sizes of 230 mmx 110 mmx70 mm were shaped at 150 MPa and then cured at 200 ‘C for 24 h. The cold modulus of rupture (CMOR)
of the bar-shaped specimens, treated at different temperatures (i.e., 200, 1000, 1400 ‘C and 1600 ‘C) in a coke bed was measured by
a model XD-117A three-point bending test machine. The microstructure and elemental composition of the specimens were determined
by a model Nova Nano 400 field emission scanning electron microscope, combined with a model IE 350 PentaFET X-3 energy
dispersive spectrometer. The bar-shaped specimens (140 mmx25 mmx25 mm) coked at 1400 ‘C were selected for thermal shock test
by an oil quenching method. Namely, these specimens were initially heated in a coke bed at 900 “C for 30 min, followed by quenching
in an oil bath. After undergoing three thermal shock cycles, the residual strength index (CMOR after thermal shocks/CMOR before
thermal shocks) of specimens was calculated. Subsequently, the bar-shaped specimens after thermal shock test were further heated in
the coke bed at 1600 ‘C for 3 h, and then the recovery strength index (the change of CMOR after reheating to 1 600 ‘C/CMOR after



+ 2106 - CRERR R 2540 J Chin Ceram Soc, 2024, 52(6): 2094-2106 2024 4

thermal shocks) of MgO-C specimens was calculated. In addition, the standard brick specimens were processed into the wedge
splitting specimens (100 mmx100 mmx70 mm), and heated in the coke bed at 1 000 ‘C. Subsequently, high-temperature wedge
splitting tests were conducted at 1 000 C and 1400 C for 30 min, respectively. The specimens were surrounded in alumina crucibles
filled with coke in a high-temperature furnace to establish a reducing atmosphere. Fracture parameters such as the nominal notch
tensile strength (onr), specific fracture energy (Gy), characteristic length (I4,) and thermal shock resistance (Ry), were calculated to
further quantitatively characterize the thermal shock resistance of specimens.

Results and discussion Ordinary sintered magnesia aggregates remain intact in MgO—C refractories coked at 1000 ‘C. However,
the impurities within some ordinary sintered magnesia aggregates dissolve and diffuse into the surrounding matrix as the temperature
increases to 1400 C, disintegrating the aggregates into a porous structure. In addition, Mg,SiO, particles and whiskers, as well as SiC
whiskers also appear in the matrix due to the introduction of silica powder. The dissolution and diffusion of impurities increase as the
temperature further increases to 1600 C, generating Mg,SiO, particles and SiC whiskers in the matrix. These structural changes in
MgO-C refractories at high temperatures enhance the strength, even the high-temperature flexural strength, and improve the thermal
shock resistance of MgO—C refractories.

The results of high-temperature wedge splitting test show that MgO—-C specimens containing ordinary sintered magnesia
aggregates exhibit an equivalent peak load to those of the control specimens, while their fracture displacements significantly enlarge.
As evident from various fracture parameters, MgO—C specimens containing ordinary sintered magnesia aggregates exhibit higher Gg,
leh, and Ry at 1000 °C and 1400 °C, indicating that the introduction of ordinary sintered magnesia aggregates effectively reduces the
material brittleness due to improving the thermal shock resistance of specimen Also, the specimens containing ordinary sintered
magnesia aggregates exhibit a higher proportion of cracks along the aggregate-matrix interface in the crack propagation path. The
enhancement of fracture toughness and thermal shock resistance of MgO—C refractories with ordinary sintered magnesia aggregates
addition can be attributed to the stress relief provided by the porous structure of ordinary sintered magnesia, the promotion of
sintering at 1400 ‘C by the formation of liquid phases, and the formation of whiskers in the matrix.

Conclusions The addition of ordinary sintered magnesia effectively enhanced the thermal shock resistance of MgO—C refractories
due to the porous structure of ordinary sintered magnesia aggregate and its ability to form a liquid phase at high temperatures, thereby
reducing the overall thermal expansion rate of the specimens. MgO—C specimens containing ordinary sintered magnesia aggregates
exhibited higher Gy, |¢p, and Ry at 1000 C and 1400 ‘C due to the higher porosity of the ordinary sintered magnesia aggregates,
effectively mitigating the stress concentration. At 1400 C, the impurities in the ordinary sintered magnesia aggregates dissolved and
diffused into the matrix to form a liquid phase network that was conducive to absorbing stress at crack tips. The formation of this
liquid phase promoted the whiskers formation and slowed down the crack propagation.

Keywords magnesia—carbon refractories; ordinary sintered magnesia aggregates; microstructure; thermal shock resistance; fracture
behavior



