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ABSTRACT: Driven by the goals of carbon peaking and carbon neutrality, the resource utilization of solid
waste has attracted considerable attention due to its scientific importance and environmental benefits. For this
purpose, MgO-MgAION-BN refractories with enhanced thermal shock and slag resistance were designed and
successfully fabricated by introducing BN solid waste as an additive. The results indicate that the sample
containing BN additives exhibits superior overall performance compared with those without additives. At a BN
content of 3.26 wt.%, the cold compressive strength increases by 21.20%, and the contact angle at 1723 K
increases by 50.01%. Further analysis reveals that the improved wetting behavior is mainly attributed to the
introduction of BN additives, which promote the formation of numerous micro-convex structures. These
structural characteristics restrict slag infiltration and inhibit slag penetration into the refractory matrix, thereby
enhancing slag resistance. Consequently, a cost-effective and feasible reinforcement strategy for MgO-MgAION-
BN refractories is proposed, providing a promising pathway for the high-value utilization of solid waste resources.

Keywords: MgO-MgAION-BN composite refractories; Solid waste; Apparent porosity; Strength; Slag
resistance
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1. Introduction

With the rapid advancement of the iron and steel industry, the accelerating transition toward low-
carbon steel production has placed unprecedented demands on the refractories utilized in steelmaking
processes [ 1-3]. Consequently, the development of low-carbon refractories has become essential to enhance
both refining efficiency and the quality of steel products. However, merely reducing the carbon content in
conventional MgO-C refractories to minimize a series of issues associated with high carbon content
inevitably compromises their thermal shock resistance and slag corrosion resistance [4,5]. Two distinct
factors primarily drive this performance degradation. First, a reduction in carbon content decreases thermal
conductivity while increasing the elastic modulus, thereby adversely affecting the thermal shock resistance
of MgO-C materials. Second, the diminished carbon content enhances the wettability of the material by
molten slag and steel, thereby weakening its slag corrosion resistance and ultimately rendering it more
susceptible to spalling and oxidation under high-temperature service conditions [6,7]. Moreover, even when
low-carbon refractories are used to replace conventional MgO-C material, completely preventing the
introduction of carbon impurities into molten steel remains challenging during the smelting of special steel.
Therefore, the development of carbon-free refractories with excellent thermal shock resistance and slag
corrosion resistance is of great significance for the production of high-quality special steel.

Magnesium aluminum oxynitride (MgAION), featuring a spinel structure, exists as a solid solution within
the Al203-AIN-MgO ternary system [8]. MgAION and MgAIlON-based composites have emerged as
promising high-quality refractories for lining RH refining furnaces due to their excellent mechanical
properties, good thermal shock resistance, low pollution of molten steel, poor wettability with slag and molten
steel, and outstanding slag corrosion resistance [9—11]. However, the synthesis of MgAION primarily relies
on pure nitrides and oxides as raw materials, resulting in high production costs that limit its widespread
application. In recent years, considerable research has been devoted to optimizing the synthesis of MgAION
and its composite materials. For example, Ma et al. [12] prepared MgAION powders in a nitrogen atmosphere
using MgO, y-AL03, and carbon black as raw materials, and subsequently produced MgAION ceramics
through a two-step sintering process, achieving a Vickers hardness of 13.5 GPa and a flexural strength of 246
MPa. Consistent with these findings, Liu et al. [13] demonstrated that elevating the MgAION mass fraction
from 10% to 40% within a MgA1204-MgAION composite increased its flexural strength and Vickers hardness
from 206 MPa to 248 MPa and 9.5 GPa to 12.6 GPa, respectively. In general, the mechanical properties of
composite refractories are closely related to their grain size. In this regard, Chen et al. [14] observed that
prolonged holding times and elevated sintering temperatures promoted the complete development of the
MgAION phase, which suppressed grain-boundary impurities and induced microcracking healing, ultimately
leading to a flexural strength of 63.1 MPa and a cold compressive strength of 136.7 MPa. These studies
collectively confirm that MgAION can effectively improve the thermal shock resistance of refractories.
However, the effects of light-burned MgO, bauxite, and industrial solid waste BN on the properties of
MgAION composites remain largely unexplored. Therefore, the development of a method for the in-situ
synthesis of MgAION composite materials with excellent mechanical properties under pressureless sintering
conditions has become a critical challenge in this field.

Boron nitride (BN) is a strongly covalent compound characterized by exceptional high-temperature
chemical stability, robust thermal shock resistance, excellent oxidation resistance, and good machinability
[15]. Consequently, incorporating BN into MgO-MgAION systems to fabricate MgO-MgAION-BN
refractories offers a compelling strange to achieve complementary property enhancement. This synergistic
combination is expected to significantly augment both the thermal shock resistance and slag corrosion
resistance of the material, thereby broadening its industrial utility. In fact, MgO-MgAlON-BN refractories
are expected to replace MgAION-BN [16], Si3N4-BN [17], and sialon-BN [18] composites in applications
such as nozzles and pipes for refining furnaces. Nevertheless, the strong covalent bonding between B and
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N atoms at high temperature hinders material densification. To address this issue, researchers typically
introduce micron-sized additives such as Y203 [19,20], B203 [21], and Al2O3 [22,23] to promote
densification via transient liquid-phase sintering. To further reduce production costs and promote the
resource utilization of industrial solid wastes, this study employed industrial solid waste BN as an additive
to fabricate MgO-MgAION-BN refractories with enhanced thermal shock resistance and slag corrosion
resistance. The primary objective of this work was to clarify the influence of BN incorporation on the phase
evolution, microstructural characteristics, and thermal shock behavior of MgO-MgAION-BN refractories,
as well as to reveal the underlying strengthening mechanisms. Furthermore, the wetting behavior between
RH refining slag and MgO-MgAION-BN composites was analyzed, and the general factors influencing
slag-refractory interactions were explored. The novelty of this study lies in the use of industrial waste BN
in a MgO-MgAION refractory system, offering a feasible approach to simultaneously improving refractory
performance and achieving high-value utilization of solid waste. These findings are expected to provide
new insights into the development of high-performance and sustainable refractory materials.

2. Experimental Procedure

2.1. Raw Materials and Preparation

Light-burned magnesia (MgO 93.13 wt.%, SiO2 5.14 wt.%, CaO 1.04 wt.%, Fe203 0.25 wt.%, other
0.44 wt.%; bulk material from Yingkou, China), Bauxite (Al203 85.68 wt.%, Si02 10.75 wt.%, Fe2O3 1.27
wt.%, CaO 0.15 wt.%, other 2.15 wt.%; bulk material from Henan Hengyuan New Materials Technology
Co., Ltd., Zhengzhou, China), and AIN (Analytical reagent; from Shanghai Macklin Biochemical
Technology Co., Ltd., Shanghai, China) were selected as the starting raw materials. Polyvinyl alcohol (PVA,
Analytical reagent; from Shanghai Macklin Biochemical Technology Co., Ltd., Shanghai, China) was
chosen as the binder. BN industrial solid waste (BN 89.21 wt.%, AIN 3.12 wt.%, Al203 3.81 wt.%, SiO2
1.22 wt.%, other 2.64 wt.%; bulk material from Henan Nitrogen Boron New Material Technology Co., Ltd.,
Zhengzhou, China) was selected as the additive. MgO-MgAION-BN composite refractories with varying
BN waste concentration gradients (0 wt.%, 1.11 wt.%, 2.20 wt.%, 3.26 wt.%, and 4.30 wt.%) were
synthesized via pressureless sintering. An appropriate proportion of light-burned MgO, bauxite, AIN
powder, BN solid waste, and PVA was mixed according to the formulation listed in Table 1. The mixture
was ball-milled in anhydrous ethanol using a planetary ball mill (QM-3SP4, from Nanjing Nanda
instrument Co., Ltd., Nanjing, China) and stirred at 300 r-min "' for 4 h to obtain the homogeneous mixtures.
The resulting powders were then uniaxial pressed into cylindrical green bodies (920 mm x 20 mm) at 200
MPa for 3 min. Subsequently, the green bodies were dried in an oven at 353 K for 24 h. Finally, all samples
were sintered at 1873 k for 6 h in a carbon-embedded atmosphere. The obtained samples were designated
as 0BN, 1BN, 2BN, 3BN, and BSN, respectively.

Table 1. Compositions of the sample 0BN—4BN.

Sample wt.%
Light-Burned MgO Bauxite AIN BN Waste PVA Sintering Temperature/K
0BN 67.90 26.93 5.17 0 +3 1873
IBN 67.14 26.63 5.12 1.11 +3 1873
2BN 66.41 26.33 5.06 2.20 +3 1873
3BN 65.68 26.05 5.01 3.26 +3 1873
4BN 64.98 2577 495 4.30 +3 1873

2.2. Characterization and Measurement Methods

X-ray diffraction technology (XRD) was used to analyze the phase composition of samples
qualitatively. The instrument used was a D8 Advance manufactured by Bruker (Karlsruhe, Germany),
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operating at a voltage of 40 kV and a current of 40 mA, with a scanning range of 5 to 90° and a scanning
speed of 4°-min"!. The microstructure of different samples was characterized by a scanning electron
microscope (SEM, Hitachi S4800, from Hitachi, Ltd., Tokyo, Japan). The sintering properties (apparent
porosity and bulk density) were according to the Archimedes’ law and calculated according to Equations (1)
and (2) [24].

Pa:%xloo% (D
2 1
m, D
D — 1 L
S —— )

where Pa, m1, ma2, m3, Dy and Dy, denote the apparent porosity (%) of the sample, the mass of dried samples
(g), the apparent mass of saturated samples (g), the mass of saturated samples in air (g), the bulk density of
the sample (g-cm?), and the density of impregnation liquid (deionized water) at experimental temperature
(g-cm™), respectively [25]. A WDW-100 universal testing machine (CMT 5105, Shandong Wanchen
Testing Machine Co., Ltd., Jinan, China) was employed to measure the cold compressive strength (Pc) at a
loading speed of 0.5 mm-min'. To evaluate thermal shock resistance, the samples were subjected to an air-
quenching procedure that involved heating to 1373 K for 30 min in an N2 atmosphere, followed by cooling
to room temperature. This process was defined as one cycle and repeated five times. Subsequently, thermal
shock resistance was assessed using the residual strength ratio (t), comparing values before and after
quenching. The Pc and t of the sample were presented by Equations (3) and (4) [26].

P
£ = 3

o, o
T= O_—b x100% 4)
where P represents the maximum load sustained by the sample (N), and 4 denotes the corresponding loading
area (mm?). The residual strength retention ratio (t, %) is defined as the ratio of the cold compressive strength
of the quenched sample (d., MPa) to that of the original sample (d», MPa). The thermal conductivity was
measured using an LFA 467 HyperFlash instrument (NETZSCH Group, Selb, Germany). The slag resistance
of the sample was evaluated using the static crucible method under the carbon-embedded atmosphere.

In addition, the sessile drop method was employed to investigate the wettability behavior between the
slag and the samples. The slag used in this study had a chemical composition of SiO2 35.85%, CaO 47.32%,
ALOs3 3.2%, MgO 7.2%, Cr203 2%, MnO 1.1%, and other 3.33%. Figure 1 shows the schematic diagram
of the wettability test apparatus. The detailed experiment procedures are as follows: (1) The sintered sample
and pre-melted slag were cut into discs (@15 mm X 3 mm) and cylinders (®3 mm x 3 mm), respectively.
(2) When the furnace temperature reached 873 K, the sample and slag block were introduced into the
furnace using an automatic moving arm. (3) The sample and slag were heated to 1723 K at heating rates of
283 K-min ! from 298 to 1273 K and 278 K-min' from 1273 to 1723 K, followed by holding at 1723 K
for 10 min. (4) Finally, the contact angle between the slag and the samples was determined using the
spherical cap model.

The basicity index of the as-prepared MgO-MgAION-BN composite refractories, calculated based on
the mass ratio of [w(CaO) + w(MgO)]/[w(AL203) + w(Si102)], is approximately 2, categorizing them as basic
refractories. The RH refining slag employed in the static crucible corrosion test has a chemical composition
of SiO2 35.85%, CaO 47.32%, Al203 3.2%, MgO 7.2%, Cr203 2%, MnO 1.1%, and other 3.33%,
corresponding to a basicity (w(CaO)/w(Si102)) of 1.32. The relatively basicity of both the refractories and
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the slag implies a limited thermodynamic driving force for severe interfacial chemical reactions, as the
activities of SiO2 and CaO are mutually constrained within the basicity CaO-MgO-SiO2-Al203 system.
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Figure 1. Schematic diagram of test instrument for slag corrosion process.

3. Results and Discussion
3.1. Phase Compositions and Microstructures

Figure 2 illustrates the XRD patterns of MgO-MgAION-BN composite refractories with various BN
solid waste additions after heat treatment at 1873 K for 6 h. MgO and MgAION are identified as the primary
crystalline phases, accompanied by minor amounts of Mg>SiO4 and BN. Notably, the diffraction peaks
associated with CaMgSiO4 disappear as the BN solid waste content increases. This phenomenon is
attributed to the strong covalent bonding between B and N atoms, which enhances the viscosity of the high
temperature liquid phase, thereby inhibiting the liquid phase reaction between calcium and silicon
impurities [21,27]. The presence of the BN phase is further confirmed by the localized magnification of the
XRD patterns, which reveals a progressive increase in peak intensity corresponding to higher BN solid
waste additions. Although BN solid waste is primarily introduced as a BN source, the small amount of AIN
impurity (3.12 wt.% in the waste) should also be considered during phase evolution. Based on the additional
amount of BN waste (3.26 wt.% in sample 3BN), the AIN introduced from the waste accounts for
approximately 0.10 wt.% of the total batch composition. This value is much lower than the amount of
intentionally added AIN (5.01 wt.% in sample 3BN, as listed in Table 1). Therefore, the AIN impurity from
BN waste accounts for only about 2% of the total AIN source in the system. During carbon-embedded
sintering at 1873 K, AIN can participate in MgAION formation through solid-state reactions with MgO and
aluminum-containing phases (mainly derived from bauxite) [10,28]. Therefore, the additional AIN
introduced by BN waste may slightly increase nitrogen availability and slightly promote MgAION
formation. However, since the amount of AIN impurity is very limited compared with the intentionally
added AIN, its influence on the stoichiometry, lattice parameters, and overall phase composition of
MgAION is expected to be negligible. The phase evolution and properties of the final refractories are mainly
governed by the intentionally added AIN, whereas the AIN impurity from BN waste plays only an auxiliary
role and does not alter the primary reaction pathway or the conclusions of this study.

Figure 3 presents the SEM images of MgO-MgAION-BN composite refractories with various BN solid
waste additions after sintering at 1873 K for 6 h. As shown in Figure 3a, sample 1BN does not exhibit a
distributed lamellar structure; instead, numerous open pores are scattered among the matrix particles (MgO
and MgAION). These pores primarily originate from the decomposition of MgCOj3 in the light-burned MgO.
Due to an insufficient sintering driving force, the pores remain trapped within the microstructure.
Consequently, the grain structure of sample 1BN is underdeveloped, resulting in a loose matrix and a mixed
fracture mode consisting of both intergranular and transgranular failure [29,30]. With increasing BN solid
waste content, the BN phase adopts a lamellar structure distribution within the matrix, creating a unique
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microstructure. The synergistic effect between the BN lamellar and MgO small particles effectively
enhances the apparent porosity, bulk density, and cold compressive strength. This improvement is primarily
attributed to the excellent chemical compatibility and mechanical interlocking between the BN, MgO, and
MgAION phase. As the material density increases significantly, the grains become more closely bonded,
leading to a transition toward predominantly transgranular fracture characteristics.

vMgO «Mg,SiO,
+MgAION BN BN
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Figure 2. XRD patterns of as-sintered MgO-MgAION refractories with various BN solid waste additions.

Figure 3. SEM images of the samples with various BN solid waste additions: (a) IBN; (b) 2BN; (¢) 3BN; (d) 4BN.
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3.2. Apparent Porosity, Bulk Density, Thermal Shock Resistance, and Thermal Conductivity

Figure 4a shows the apparent porosity and bulk density of MgO-MgAION-BN composite refractories
with various BN solid waste additions after carbon-embedded sintering at 1873 K. Compared to the sample
OBN (apparent porosity of 13.88% and bulk density of 2.97 g-cm ™), all BN-containing specimens exhibit
enhanced physical properties to varying degrees. As the BN solid waste content increases, the apparent
porosity first decreases and then increases. Specifically, when the BN solid waste addition increases from
1.11 wt.% to 2.20 wt%, the apparent porosity declines from 13.25% to 12.49%, while the bulk density rises
from 2.98 g-cm ™ to 3.00 g-cm . The sample reaches a minimum porosity of 10.29% and a corresponding
maximum bulk density at a 3.26 wt.% BN. This improvement is primarily attributed to the role of BN solid
waste as a sintering additive, which facilitates grain rearrangement and improves particle packing, thereby
promoting densification and pore elimination [31,32]. The fine BN particles may help fill interparticle voids
and promote a more homogeneous distribution of phases. In addition, BN may indirectly contribute to
reaction-assisted sintering, facilitating mass transport during MgAION formation. However, at an excessive
BN content (4.30 wt.%), the bulk density decreases. As evidenced by the numerous fine particles in the
cross-section (Figure 3d), redundant BN likely accumulates at the grain boundaries, thereby inhibiting grain
growth [16]. In addition, BN tends to form a continuous or semi-continuous phase, which disrupts particle
contact between MgAION grains and acts as a diffusion barrier. Consequently, optimizing the BN solid
waste addition is crucial for tailoring the porosity and density of MgO-MgAION-BN composite refractories.

Figure 4b displays the evolution of the cold compressive strength of MgO-MgAION-BN composite
refractories as a function of BN solid waste addition. The cold compressive strength exhibits an inverse
relationship with the apparent porosity, characterized by an initial increase followed by a subsequent
decline. Specifically, the sample containing 3.26 wt.% BN (3BN) achieves a peak cold compressive
strength of 308.36 MPa, after which the strength decreases slightly with further BN additions. This
enhancement in mechanical performance is primarily attributed to the effects of the BN phase. On the one
hand, optimal BN additions facilitate sintering densification, leading to a substantial reduction in apparent
porosity. On the other hand, the lamellar BN situated at the grain boundaries induces crack deflection and
branching, thereby extending the crack propagation paths and increasing the fracture energy [33].
Furthermore, the mismatch in the coefficient of thermal expansion between BN and the matrix generates
interfacial residual stresses, which further reinforce the cold compressive strength of the MgO-MgAION-
BN composite refractories. These findings are corroborated by the force-displacement curves in Figure 4c,
which demonstrate that the introduction of BN significantly improves the fracture energy dissipation
capability (as evidenced by the larger area under the force-displacement curve) and enhances the load-
bearing capacity of the MgO-MgAION-BN composite refractories.

Figure 5 shows the cold compressive strength and the corresponding residual strength retention rate of
MgO-MgAION-BN composite refractories after five thermal shock cycles. The results indicate that the
incorporation of BN solid waste enhances the thermal shock resistance of the refractories to a certain degree.
Specifically, for the sample 3BN, both the residual strength retention rate and cold compressive strength reach
their peak values of 65.93% and 203.31 MPa, respectively, compared to 64.21% and 163.28 MPa for the
sample OSN. However, as the BN solid waste addition exceeds 3.26 wt.%, a downward trend is observed, with
the retention rate and cold compressive strength ultimately declining to 59.61% and 163.24 MPa, respectively.
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Figure 5. (a,b) The compressive strength and corresponding residual strength retention of different samples after five thermal

shock cycles.

During the cooling process, the mismatch in the coefficient of thermal expansion (CTE) among the
constituent phases induces significant internal stresses, which directly dictate the thermal shock resistance
of the material [34]. Generally, if the second phase possesses a higher CTE than the matrix, tangential
compressive and radial tensile stresses are generated during cooling [35]. Conversely, a second phase with
a lower CTE has tangential tensile and radial compressive stresses. In this refractories system, BN exhibits
pronounced anisotropy, with CTE values of 1 x 10 K™! perpendicular to the hexagonal axis and 7.51 x



High-Temp. Mater. 2026, 3(3), 10016. doi:10.70322/htm.2026.10016 9of 14

107% K ™! parallel to it [36]. Both values are substantially lower than those of MgAION (5.3 x 107 K™!) and
MgO (12.6 x 107 K™, ensuring a beneficial stress state. The existence of lamellar BN is instrumental in
enhancing the thermal shock resistance of the samples. During the fracture process, an advancing crack tip
encountering the BN lamellae undergoes a transition from a three-dimensional to a two-dimensional stress
state. This transition promotes crack passivation and deflection, with the latter dissipating a substantial
amount of fracture energy. Furthermore, the presence of BN facilitates effective grain bridging, which
further elevates the fracture resistance of the MgO-MgAION-BN composite refractories. However,
excessive BN additions (e.g., sample 4BN) cause the lamellar structures to interweave and form granular
aggregates, in which case the improvement of thermal shock resistance by microcracks is limited. While
the incorporation of lamellar BN effectively suppresses grain boundary sliding, thereby improving the
thermal shock resistance of the samples, the MgO-MgAION-BN composite refractories cannot completely
resist the fracture caused by thermal stress [36].

Figure 6 presents the thermal conductivity of MgO-MgAION-BN composite refractories with various
BN solid waste additions after heat treatment at 1873 K for 6 h. At room temperature, the thermal
conductivity initially decreases from 21.19 W-m™-K™! (sample 0BN) to 18.99 W-m™'-K™! (sample 1BN),
followed by an increase to 24.96 W-m '-K™! (sample 2BN). A similar trend is observed at 773 K, where
the values decline from 9.54 W-m™!-K ™! (sample 0BN) to 6.90 W-m™'-K ! (sample 1BN) before recovering
to 8.70 W-m !-K™! (sample 2BN). When the addition of BN solid waste was 1.11 wt.%, the presence of
impurities and defects in the sample could scatter phonons, thereby shortening their mean free path and
ultimately reducing the thermal conductivity [34,37]. As the BN content increases beyond 1 wt.%, the
significant reduction in apparent porosity enhances the solid-phase conduction pathways, leading to the
observed increase in thermal conductivity. However, the thermal conductivity of sample 4BN declines
again, falling even below that of sample O0BN. This decrease is attributed to the higher apparent porosity
and the aggregation of layered BN into granular clusters. These aggregated BN regions increase thermal
resistance at grain boundaries and limit effective intergranular contact, thereby hindering heat transfer.
Among all compositions, sample 2BN exhibits the highest thermal conductivity. However, considering the
balance among thermal conductivity, slag corrosion resistance, and thermal shock resistance, sample 3BN
demonstrates the most balanced overall performance. At 573 K and 773 K, the thermal conductivity of
sample 3BN was 10.08% and 10.76% lower than that of sample OBN, respectively. This indicates that the
slight reduction in thermal conductivity represents an acceptable trade-off considering the significant
improvements in other key properties, including cold compressive strength, slag resistance, and thermal
shock resistance.

298 K

30k W— 373 K
M 413K
TE 573 K
? 673 K
E’ 773 K
20T I- - -
t I
=
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£ - = -
g 8 .
= - = - = B
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Figure 6. Thermal conductivity of MgO-MgAION-BN refractories with different amounts of BN addition.
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3.3. Analysis of Wetting Behavior

Figure 7 shows the optical images captured during the high temperature wetting process of MgO-
MgAION-BN composite refractories with various BN solid waste additions. As the temperature reaches
approximately 1573 K, the slag begins to soften and assumes a hemisphere shape. With further heating, the
contact angle between the slag and the sample decreases, indicating progressive slag penetration into the
sample. The slag remains relatively stable in a spherical crown shape until the temperature reaches 1723 K,
after which significant shape changes occur at 1723 K. To investigate the effect of BN addition on the
wetting behavior, the contact angles between the slag and refractories were measured at the testing
temperature. The contact angle of sample 1BN containing 1.11 wt.% BN was 34°, whereas that of sample
3BN containing 3.26 wt.% BN increased to 51°. The increased contact angle indicates reduced slag
wettability, which suppresses slag spreading and infiltration into the refractory matrix, thereby improving
slag resistance. In comparison, the lower contact angle of sample 1BN suggests stronger slag wettability
and a greater tendency for slag penetration into the refractory pores. Therefore, the introduction of BN solid
waste plays a critical role in improving the slag resistance of the MgO-MgAION-BN composite refractories.

The basicity values of the refractory material (R = 2) and the slag (R = 1.32) are relatively close,
indicating that the thermodynamic driving force for extensive interfacial chemical reactions is limited.
According to thermodynamic principles governing slag-refractory interactions, when both phases are
within the basic region of the CaO-MgO—-Si02-Al203 system, the activities of SiO2 and CaO remain
relatively balanced, minimizing the chemical potential gradient across the interface. This reduces the
driving force for the formation of low-melting phases (such as calcium silicate or aluminosilicate), which
would otherwise accelerate refractory degradation. Therefore, the enhanced non-wetting behavior and
suppression of slag penetration observed with increasing BN content can be attributed to the synergistic
effects of physical and chemical factors. From a physical perspective, the BN-induced micro-convex
surface structures restrict slag infiltration and reduce the effective solid-liquid contact area. From a
chemical perspective, the favorable basicity compatibility between the refractory material and slag
suppresses interfacial reactions, resulting in an increased contact angle and enhanced slag resistance with
increasing BN content. In addition, the wettability results obtained at 1723 K should be regarded as a
conservative evaluation of slag refractory interactions. Under actual steelmaking conditions (approximately
1873-1923 K), enhanced wetting and more intense chemical reactions may occur, thereby accelerating
refractory degradation. Nevertheless, the relative performance ranking of the different BN-containing
formulations (i.e., sample 3BN showing superior performance among the tested samples) is expected to
remain comparable at higher temperatures.
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maa

1523 K 1573 K 1673 K 1703 K
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Figure 7. Wetting process of slag and MgO-MgAION-BN refractories: (a) 1BN; (b) 2BN; (¢) 3BN; (d) 4BN.
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As previously established, the interaction between the molten slag and the refractories is characterized
by reactive wetting, wherein the contact angle evolves as a function of time. As the interfacial chemical
reaction proceeds, the interfacial tension between the slag and the refractories decreases while the adhesion
strength increases [38]. These two factors directly impact the slag resistance of the material. Due to the
highly similar phase compositions of the slag and refractories, achieving effective slag repellency remains
a significant challenge, making it difficult to form a non-wetting contact angle exceeding 90° [39]. Hence,
suppressing the inward diffusion of slag into the refractories at high temperatures becomes the primary
strategy to enhance their resistance to slag corrosion. To further confirm the effect of BN solid waste
addition on the wetting behavior of the sample, the surface morphologies of the samples 1BN and 3BN
were characterized via SEM, as shown in Figure 8. The micrographs reveal that increasing the BN addition
promotes the formation of numerous micro-convex structures on the refractory. These surface
characteristics increase the surface roughness of the specimen, which restricts slag spreading and inhibits
slag infiltration into the refractory matrix, thereby improving the slag resistance. As a result, slag corrosion
resistance improves with increasing BN content.

Figure 8. Surface SEM images of MgO-MgAION-BN refractories. (a) 1BN, (b) 3BN.

4. Conclusions

In this work, a series of MgO-MgAION-BN refractories were designed and fabricated, and the effects
of BN solid waste additives and their contents on the properties of the prepared samples were investigated.
The following conclusions can be drawn.

(1) An appropriate addition of BN solid waste plays a crucial role in MgO-MgAION-BN refractories. On
the one hand, it promotes sintering, effectively reducing the apparent porosity and enhancing the bulk
density. On the other hand, the mismatch in thermal expansion coefficients between BN and the matrix
generates residual stress at the interface, which contributes to an improvement in the cold compressive
strength of the prepared samples. Moreover, increasing the BN solid waste content leads to the formation
of micro-convex structures, which reduce slag penetration and thereby enhance slag resistance.

(2) With the introduction of BN solid waste, the properties of the prepared MgO-MgAION-BN refractories
have been enhanced to varying degrees. Specifically, the best performance is achieved at the addition
amount of 3.26 wt.% (sample 3BN): the apparent porosity is 10.29%, the bulk density is 3.05 g-cm ™,
the cold compressive strength is 308.36 MPa, the thermal conductivity is 8.09 W-m "K' at 773 K,
the contact angle is 51° at 1723 K.
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