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Article 

Analysis of the Structure and Durability  
of Refractory Castables Impregnated  
with Sodium Silicate Glass 

Jurgita Malaiškienė *, Valentin Antonovič, Renata Boris, Andrius Kudžma and Rimvydas Stonys  

Institute of Building Materials, Laboratory of Composite Materials, Vilnius Gediminas Technical University, 

Vilnius, Lithuania  

* Correspondence: jurgita.malaiskiene@vilniustech.lt; Tel.: +370-5-2512329 

Abstract: This study examines the impact of the impregnation of fireclay-based conventional (CC) and medium 

cement castables (MCC) with liquid sodium silicate glass under vacuum conditions. The goal is to assess how 

this treatment affects physical, mechanical properties, and durability (alkali and thermal shock resistance) of 

these castables used in biomass combustion boilers, where they are exposed to temperatures up to 1100°C. The 

research work employs standard test methods to evaluate physical and mechanical properties. Additionally, 

advanced techniques such as scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy 

(EDS), X-ray diffraction (XRD), and specific tests for alkali resistance and thermal shock resistance are used. 

The research findings suggest that impregnation with sodium silicate glass under vacuum significantly 

enhances the alkali resistance of both CC and MCC castables. This improvement is primarily due to the 

reduction in porosity and the increase in density. SEM images reveal that impregnated samples are coated with 

a glassy layer and the pores are partially filled with sodium silicate. Tests for alkali resistance demonstrate the 

formation of a protective glassy layer (with a thickness of 0.9-1.5 mm) on the castable surfaces, thereby reducing 

further penetration of alkali into deeper layers of the samples. However, it is important to mention that 

impregnated refractory castables have reduced resistance to thermal shock cycles.  

Keywords: refractory castable; impregnation; liquid sodium silicate glass; alkali resistance; physical and 

mechanical properties; thermal shock resistance  

 

1. Introduction 

In recent decades, there has been a widespread adoption of biomass combustion boilers used as 

a cost-effective option for energy production [1,2]. These boilers utilize renewable energy sources 

such as wood, straw, mixed municipal waste, and other materials to reduce the reliance on fossil fuels 

in order to align with ambitious targets set by the European Union aiming for at least 27% renewable 

energy by 2030 [3]. The lining of these biomass boilers is constructed using various refractory 

materials, including castables, which are carefully selected for their ability to withstand high 

temperatures and to maintain structural integrity over extended periods [4,5]. For instance, in the 

demanding conditions of some species of biomass combustion where temperatures can range up to 

1200°C, it is advised to opt for chemically resistant refractory castables containing SiC, or alumina-

chrome, engineered to withstand extreme operating conditions [4]. 

However, wood biofuel boilers predominantly operate at temperatures below 1100°C, making 

them prime candidates for castables enriched with aluminosilicate aggregates like fireclay or mullite 

[5]. Regrettably, these castables exhibit limited resistance to alkali corrosion, which often leads to 

premature degradation attributed to the corrosive influence of alkalis present in the refractory 

materials and fuel [6]. The genesis of alkali corrosion lies in the formation of potassium/sodium 

oxides and their corresponding salts, a consequence of biomass combustion. The alkaline content of 

the resultant ash is influenced by a myriad of factors, including wood type, grade, and quality [7]. 

Furthermore, the using of alkaline salts, despite preventing wood fuel freezing in winter conditions, 

significantly amplifies the concentration of alkaline compounds (sodium and potassium), thereby 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 November 2023                   doi:10.20944/preprints202311.0367.v1

©  2023 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202311.0367.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

lowering the melting point of the ash and potentially causing it to fall below the boiler's operational 

temperature [8]. 

The intricate reactions responsible for reducing the ash/slag melting point are rooted in the 

interaction between potassium and carbon in various forms, culminating in the formation of alkaline 

compounds [9]. Corrosion, in this context, ensues from the dissolution of the refractory material and 

its intricate interplay with the alkaline molten phase. Additionally, it can manifest as reactions with 

alkaline vapors, the presence of alkaline compounds in liquid or solid-state, and the infiltration of 

alkaline vapors or the molten phase into the material's porous structure, thereby giving rise to altered 

zones within the material matrix [10]. These alkali reaction byproducts, including leucite (KAlSi2O6) 

and kalsilite (KAlSiO4), demonstrate a peculiar characteristic by occupying volumes greater than that 

of the original material. This phenomenon is commonly referred to as "alkali bursting" [11–13]. 

Importantly, the extent of alkali reaction damage is linked to the porosity of the material [14], with 

materials of lower porosity and superior gas impermeability displaying greater resistance to such 

forms of damage [15,16]. 

A prevalent choice for binders in refractory castables is calcium aluminate cement [17]. In 

comparison to conventional castables, low cement and ultra-low cement castables have surged in 

popularity, thanks to their lower porosity, higher mechanical strength within critical temperature 

ranges, impressive erosion resistance, and elevated refractoriness [18–20]. These castables 

incorporate various ultra-dispersive additives, such as silica fume and calcined alumina, alongside 

deflocculants that effectively diminish cement content to a mere fraction compared to conventional 

refractory castables [21]. However, it is important to note that these low and ultra-low cement 

castables often prove sensitive to factors such as ambient conditions, water content, mixing 

parameters, and more, making the production process challenging [22–24]. 

Meanwhile, medium cement castables have gained recognition for their capacity to maintain 

consistent quality even under varying manufacturing conditions, setting them apart as a favorable 

choice for biofuel boiler installations [22,23]. While lower porosity of castables can undoubtedly 

enhance their durability within alkaline environments, it is important to acknowledge that over time 

alkali may still infiltrate the castable structure and engage with aluminosilicate aggregates [21]. One 

promising avenue for mitigating alkali-induced damage involves the addition of ground quartz sand 

to fireclay refractory castables, a practice known to stimulate the formation of a protective glassy 

layer on the castable surface when subjected to alkali salts at elevated temperatures [24,25]. However, 

it is imperative to exercise caution when determining the quantity of the quartz sand added due to 

the polymorphic transformations of SiO2 that transpire at specific temperature thresholds [26]. 

Impregnation of the material could be also an effective method to substantially decrease the 

porosity of refractory castables and increase their alkali resistance. In the field of impregnation 

technology, suspensions of various materials are employed [22,23], and the specific materials used 

for impregnation can vary in their roles. Authors reported [27] a significant enhancement in corrosion 

resistance of a chromium-magnesium material after impregnation with suspensions containing nano-

Cr2O3 and nano-Fe2O3 particles. The nanoparticles within the material pores dissolved when exposed 

to the slag melt, resulting in an increase in its viscosity and a reduction in the ability of the slag melt 

to penetrate. Research on the resistance of refractory concrete to alkali attack at 1100oC temperature 

revealed that incorporating 2.5% milled quartz sand and impregnating the samples with a SiO2 sol 

can lead to the formation of a protective glassy barrier. This barrier effectively blocks further 

penetration of potassium and prevents additional cracking and disintegration of refractory concrete 

[21].  

A cheaper material, such as liquid sodium silicate glass, could be also used as an impregnant for 

fireclay refractory castables [28]. Liquid sodium silicate glass, when employed as a binder in 

refractory castables, serves as a flux when subjected to high temperatures and reduces the required 

operating temperature for aluminosilicate refractory castables by approximately 200–300°C. Research 

findings, however, indicate that refractory castables containing a sodium silicate liquid glass binder 

can achieve operating temperatures of 1100 –1300°C [28]. This means that the permitted use 
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temperatures of such materials fully satisfy the conditions in which wood biofuel boilers are 

operated. 

The purpose of this study was to assess how the properties (density, cold crushing strength, 

porosity, microstructure, as well as alkali and thermal shock resistance) of fireclay refractory castables 

change when they are impregnated with liquid sodium silicate glass under vacuum. 

2. Materials and Methods 

Calcium aluminate cement produced by Górka Cement Company (G70; Poland) and Istra-40 

(ISTR) produced by Calucem GmbH (Germany) were used as binders for refractory castable. The 

chemical composition of cement is presented in Table 1. G70 has the Blaine specific surface area of 

450 m2/kg and ISTR has 295 m2/kg. Reactive alumina CTC 20 (RA; Almatis Germany) containing 

99.7% Al2O3 with Blaine fineness of 2100 m2/kg and calcined alumina CT 19 (CA) containing 99.8% 

Al2O3 with Blaine fineness of 400 m2/kg were additionally used for the preparation of medium cement 

castables. In conventional (CC) and medium cement (MCC) castables, microsilica, containing 96% 

SiO2 (MS, RW-Fuller; RW Silicon GmbH, Germany) with an average diameter approximately 150 nm, 

was used. Fireclays FA35 and FA45 from Tabex-Ozmo (Poland) were used as aggregates (<4mm). 

Additionally, the same fireclay after 1 h milling and sieving through a sieve with a mesh size of 

0.14mm was used as fine aggregate. The refractoriness values of FA35 and FA45 were 1710°С and 
1750°С, respectively. The chemical composition of both fireclay aggregates is presented in Table 1. 
Milled quartz sand (MQS) from AB Anykščių kvarcas (Lithuania) containing 99.2% SiO2, with Blaine 

fineness of 490 m2/kg was used for the improvement of fireclay refractories resistance to alkali attack 

[29]. The following deflocculants were used: Castament FS20 and FS30 from BASF Construction 

Solutions GmbH (Germany) and technical sodium tripolyphosphate NT. Liquid sodium silicate glass 

with a SiO2/Na2O molar ratio of 3.3 and a density of 1.33g/cm3 was used for the impregnation of the 

samples. Drinking water was used to prepare the mixtures. The chemical reagent K2CO3 (99.0%, 

Sigma Aldrich, USA) was used for the testing of alkali resistance. 

Table 1. Chemical compositions of G70, ISTR, FA35 and FA45. 

Oxide G70 ISTR FA35 FA45 

Al2O3 71.0 40.8 36.6 44.3 

CaO 28.5 38.5 3.1 0.6 

SiO2 0.3 4.5 53.7 49.5 

Fe2O3 0.2 15.0 3.3 2.1 

MgO – 1.2 0.7 0.9 

K2O – – 1.0 0.7 

TiO2 – – 1.3 1.4 

Samples in size 70×70×70mm and 160×40×40mm (for thermal shock resistance) were prepared 

from the raw materials listed above. The compositions of the samples are presented in Table 2. 

Table 2. The compositions of refractory castables. 

Composition,% G70 ISTR MS 
FA35 

<0.14 mm 

FA45  

<0.14 mm 

FA35 

<4 mm 

FA45 

<4 mm 
RA CA MQS Water 

CC-1 - 25 2.5 10 - 60 - - - 2.5 11.3 

CC-2 - 25 2.5 - 10 - 60 - - 2.5 7.4 

MCC-1 12 - 5 8 - 60.5 - 5 7 2.5 8.9 

MCC-2 12 - 5 - 8 - 60.5 5 7 2.5 7.1 

* For CC deflocculant FS30 0.1% was used, for MCC FS20 0.1% and NT 0.1% were used. Deflocculants and water 

were added up to 100%. 
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Dry components presented in Table 2 were mixed in a Hobart planetary mixer for 5 min and 

then mixed with water for 3 min. The samples were kept for 72h at 20±1°C, relative humidity about 

50%, then dried at 110°C for 48h and fired at 1100°C for 5h. The preparation and treatment of the 

refractory concrete samples (curing, drying, and thermal treatment) were carried out according to the 

requirements of LST EN ISO 1927-5:2013. Some of the fired samples were subsequently impregnated 

with liquid sodium silicate glass under vacuum (1atm), dried, and fired in a similar manner.  

Physical and mechanical characteristics (density, cold crushing strength) were determined 

according to LST EN ISO 1927-6:2013, three samples from each composition were used for the testing. 

Thermal shock resistance was determined by evaluating changes in ultrasonic pulse velocity [28], 

when the samples are cyclically heated at 1100°C and cooled between 2 metal plates filled with cold 

water. Before testing (Uo), the ultrasonic pulse velocity was measured after 3 (U3c) and 7 (U7c) cycles 

and the relative thermal shock resistance R was calculated according to the formula: 

                                   𝑅 = √𝑈3𝑐×𝑈7𝑐𝑈o × 100%                                    (1) 

The propagation time of ultrasound waves was determined by using Pundit 7 instrument 

(converter frequency = 54 kHz) calculating the ultrasonic pulse velocity (UPV, m/s): 

                                       𝑈𝑃𝑉 = 𝑙𝜏.                                            (2) 

where: l is the length of the specimen, m; s is signal propagation time, s. 

The modulus of elasticity E was calculated from the equation 3: 

                                𝐸 = 𝑈2 ∙ 𝜌 (1+μ)(1−2μ)1−μ                                         (3) 

where: U is the UPV (m/s), ρ is the density of concrete (kg/m3), and µ is Poisson’s coefficient, which 
is 0.17 for all types of concrete [30,31]. 

The crucible method (ASTM C 454–83:2007) was used to evaluate the resistance of refractory 

castables to alkali corrosion. Castable cubes of 70×70×70mm with a hole of diameter 20mm and height 

30mm were produced (3 specimens per composition). The formed samples were cured in natural 

conditions for 72h, then dried at the temperature of 110±5oC for 48h and fired at 1100±5oC for 5h. A 

total 9g of K2CO3 was added to the hole, which was covered with a castable plate of the same 

composition, and the specimens were fired at the temperature of 1100±5oC for 5h. After repeated tests 

(9 g of K2CO3 were added for each test), the specimens were visually examined for microcracks. Some 

specimens were cut into two pieces along the cylindrical axis after 6 and 20 cycles, and the affected 

area of the castable was examined.  

The chemical composition of the materials was determined using X-ray fluorescence 

spectrometer ZSX Primus IV (Rigaku, Japan) equipped with an Rh tube with an anode voltage of 

4kV. Tablet-shaped samples with a diameter of 40mm were prepared and compressed at 200kN for 

analysis.  

X-ray diffraction (XRD) analysis was performed using a DRON-7 diffractometer (Bourevestnik, 

Russia) with Cu Kα (λ = 0.1541837 nm) radiation. The following test parameter values were set: 30kV 

voltage, 12mA current, and 2θ diffraction angle ranging from 4◦ to 60◦ with increments of 0.02◦ 
measured every 2s. The existing phases were identified by comparing the XRD diffractograms with 

standard diffraction patterns provided by the International Centre for Diffraction Data (ICDD).  

Microstructural analysis was performed using a JSM-7600F scanning electron microscope (JEOL, 

Japan). The analysis was performed at an accelerating voltage of 10kV in the secondary electron mode 

for image formation. Initially, the surface was covered with a layer of electrically conducting material 

using a QUORUM Q150R ES device (Quorum Technologies ltd., Germany). Some polished samples 

were used to evaluate the thickness and chemical composition of the potassium-treated surface layer. 

X-ray microanalysis was performed by the Energy Dispersion Spectrometer (EDS) Inca Energy 350 

(Oxford Instruments, UK), using Silicon Drift type detector X-Max20. The INCA software package 

(Oxford Instruments, UK) was used. Three points per plane were tested, starting from the surface 

exposed to corrosion attack and going down every 100µm, with 3 more points selected in the next 

plane. In this way the elemental composition of the test sample was determined down to 3000µm. 
An area of corrosion free material at 10mm distance from the exposed surface was also tested. 
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3. Results 

3.1. The impact of impregnation on refractory castable chemical and mineral composition, and microstructure 

after firing at 1100oC 

The chemical composition of the samples (Table 3) showed that, irrespective of the type of 

concrete, there is a five times higher sodium oxide content on the surface of the samples impregnated 

with sodium silicate solution. A higher silica content up to 13–69%, depending on the composition of 

concrete, was also observed. 

Table 3. Chemical composition of control and impregnated castables. 

Composition of 

castable 

Chemical composition, mass % 

Al2O

3 

SiO

2 

Ca

O 

Fe2O

3 

K2

O 

Na2

O 

Mg

O 

ZrO

2 

TiO

2 

P2O

5 

Control samples           

CC-1 29.3 35.4 22.6 9.20 0.27 0.20 0.51 0.09 1.59 0.43 

CC-2 29.2 32.1 25.5 10.3 0.30 0.12 0.55 0.04 1.24 0.14 

MCC-1 51.1 36.2 8.36 1.27 1.14 0.55 0.30 0.03 0.40 0.24 

MCC-2 52.8 34.6 8.15 1.10 0.64 0.46 0.40 0.02 0.77 0.73 

Impregnated samples            

CC-1 15.3 40.0 33.1 7.42 0.22 0.91 1.34 0.11 1.00 0.28 

CC-2 11.5 41.3 35.2 8.41 0.19 0.63 1.20 0.06 0.93 0.36 

MCC-1 30.2 51.7 12.2 1.15 1.10 2.60 0.37 0.05 0.00 0.14 

MCC-2 22.0 58.6 12.6 1.42 2.11 1.96 0.53 0.02 0.23 0.38 

It was determined that after firing at 1100oC, sodium silicate influences the mineralogical 

composition of refractory castable. XRD analysis (Figure 1) showed that the same compounds 

identified in the control and impregnated samples (anorthite, gehlenite, mullite, tridymite, quartz, 

corundum, grossite), but the intensities of anorthite were much higher in impregnated samples. 

According to the literature, anorthite has good physical properties, such as low thermal expansion 

coefficient, good thermal shock resistance at high temperatures and thus it could improve the 

properties of refractory castables [32]. 
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a) 

 
b) 

Figure 1. Xray analysis of control (a) and impregnated (b) samples. 

SEM images show that the microstructure of impregnated and fired at 1100oC samples, 

regardless of composition, is denser (Figure 2a-d) compared with control samples (Figure 2e-h). 

Porosity and the diameter of many pores reduced when the refractory castable was exposed to liquid 

glass under vacuum as the resulting sodium silicate partially filled the pores and capillaries. After 

firing, water from liquid glass evaporated forming hardened sodium silicate films that prevented the 

vaporization of residual moisture and could cause the bloating of sodium silicate mass. Sodium 

silicate at 300–500oC includes amorphous silica, the crystallization of which starts at 600oC and the 

crystalline phase vanishes completely at 900oC, and then porosity drops with vitrification [33]. 

 

10 20 30 40 50 60

·฀
฀

**
*

฀D

Ä

In
te

ns
it

y 
(a

.u
.)

4

3

2

1

2q (degree)

*

  D - anorthite 

 o - gehlenite

* - mullite 

Ø - tridymite

 · - quartz

 ฀  - corundum

 Ä - grossite

*
*

Ø
Ø

o

·
· *

฀

·

฀** D

D

*o

*

·฀*
*

Ø
Ø

o

·
· * ฀* D

D

*o

*
*

Ø

Ø
o ·

·
*

฀

·

฀*
*

D

*

*

*

·
฀*

*
Ø

Ø
o

·
· *

·

฀** D

D

*o

*

*
Ø

Ø
o

·
· * ฀* D

D

*o *
Ø

Ø
o

·
· * ฀** D

D

*o

Ø
Ø

o

·
· * ฀* D

D

*oo

·······

Ø
* o

*

·

Do

o
*D

D
o

o
**

Do

o
*Do

o
*Do

o
*Do

o
*Do

*
o

Do Ø
·* ·* ·* ·* ·* ·* ·*

*

·

฀
*

฀D

Ä
*

*
Ø

Ø
o

· *
฀

·
฀

* D

*

*

*
·******

*

·
฀

*

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 November 2023                   doi:10.20944/preprints202311.0367.v1

https://doi.org/10.20944/preprints202311.0367.v1


 7 

 

Additionally, at 900oC and above sodium silicate starts reacting with other refractory raw materials 

and forms new compounds, or higher quantity of them, for example anorthite (Figure 1). 

The most visible changes in the microstructure were observed in the impregnated samples MCC-

2, where the blown sodium silicate zones in the pores are visible (Figure 2d). 

 
a)                             b)                           c)                          d) 

 

e)                            f)                            g)                          h) 

Figure 2. The images of control and impregnated samples: a) CC-1- impregnated, b) CC-2- 

impregnated, c) MCC-1- impregnated, d) MCC-2- impregnated, e) CC-1 control, f) CC-2 control, g) 

MCC-1 control, h) MCC-2 control. 

3.2. The impact of impregnation on physical and mechanical properties of refractory castables after firing at 

1100oC 

Density and UPV values are shown in Figure 3. It is seen that both properties of castables 

improved after impregnation. Density did not increase significantly, only 0.5–1.9%, but UPV 

increased from 2.6% till 6.5% due to the formation of a denser structure and the filling of some pores 

with liquid silicate glass. A more significant improvement of these properties was observed in 

samples CC-1 and MCC-1, where a lower grade fireclay (FA35) was used, and this improvement can 

be related with a higher initial porosity of these samples compared to CC-2 and MCC-2 (Figure 4). 

The cold crushing strength (Figure 5) of all types of refractory castables impregnated with liquid 

sodium silicate glass increased from approximately 10% to 18%. The increase in cold crushing 

strength of the impregnated samples resulted from the formation of a denser structure and a decrease 

in porosity (Figure 2, Figure 4). 
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Figure 3. Results of density and UPV of control and impregnated samples. 

After impregnation, it was found that the porosity (Figure 4) of all types of refractory castables 

decreased by approximately 10% because the pores were filled with sodium silicate glass. Similar 

results are reported in article [34], but the authors used silica sol for the impregnation of fireclay 

refractory castable. In that case the compressive strength increased approximately 40% because of 

SiO2 sol filling the cracks and the presence of open pores in the samples and the increased amount of 

mullite at high temperatures through the reaction of ultrafine Al2O3 with nano-sized SiO2 particles. 

In this work it was determined that cold crushing strength increases till 18%, but porosity decreases 

about 10% and the improvement in strength could have resulted from chemical reactions and the 

formation of higher quantities of some thermally stable compounds, such as anorthite (Figure 1). 

 

Figure 4. Porosity of control and impregnated samples. 
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Figure 5. CCS of control and impregnated samples. 

The diagram above (Figure 4) illustrates that the porosity of refractory castables varies 

significantly among different compositions, ranging from approximately 16% to around 29%. This 

difference in the compositions of the refractory castables was chosen to evaluate the effectiveness of 

impregnation for different refractory castables. 

3.3. The impact of impregnation on alkali resistance at 1100oC 

According to conclusions presented in the literature [17–19], the densified microstructure of the 

surface should increase the alkali resistance of refractory castables with fireclay fillers at high 

temperatures. Figure 6 presents the images of cut control and impregnated refractory castable 

samples after 20 cycles of alkali exposure. A clearly visible white glassy barrier with a width of about 

1-2mm was formed on the surface of impregnated sample holes into which the potassium carbonate 

was added. At high temperatures, sodium from impregnant and potassium from reagent reacted 

with refractory compounds and formed sodium alumina silicate and potassium alumina silicate 

layers. Then the viscosity of the formed glassy layer on the surface of the sample increased and alkali 

reagent (potassium) could not penetrate deeper into the material. Thus, the glassy layer acts as a 

protective barrier, making it difficult for the alkali to penetrate the material.According to the 

Na2O−Al2O3−SiO2 phase diagram [35], liquid sodium silicate can further react to form albite 

(NaAlSi3O8) and nepheline (NaAlSiO4). Additionally, it was found [36] that Al2O3 can influence 

viscous glass melting temperature and its viscosity; therefore, the melting temperature and viscosity 

values of formed glass on the surface of the sample tend to increase [37].  

Milled quartz additive participated in the building of the protective barrier in control samples 

as well, but after 20 alkali exposure cycles this barrier became weaker and the samples expanded, 

leading to expansion caused deformations at the top of the samples (Figure 6 a-d). 
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           e)                       f)                        g)                      h) 

Figure 6. Images of impregnated refractory castable samples after 20 cycles of alkaline exposure: a) 

CC-1 control, b) CC-2 control, c) MCC-1 control, d) MCC-2 control, e) CC-1- impregnated, , f) CC-2- 

impregnated g) MCC-1- impregnated, h) MCC-2- impregnated. 

A comparison of the depth of potassium penetration between control and impregnated samples 

after 6 alkali corrosion cycles showed (Figure 7) that impregnated samples had a significantly lower 

potassium content of about 40% in the surface layer and 30–80% at 10mm depth from the surface. 

Hence, sample impregnation significantly reduces potassium penetration into refractory castables 

and increases the resistance to alkali corrosion due to the formation of a more stable protective 

barrier. 

 

                 a)                                                    b) 

Figure 7. Relative content of potassium at different penetration distances: a) control samples, b) 

impregnated samples. 

3.4. The impact of impregnation on elasticity modulus and thermal shock resistance at 1100oC 

After the impregnation, the modulus of elasticity of refractory castable (Figure 8) samples CC-1, 

CC-2, MCC-1, MCC-2 increased 16%, 10%, 13% and 7% respectively. Following the principles of 

thermoelastic theory concerning crack nucleation, engineers and researchers often employ the stress-

to-elastic modulus ratio (σ/E) as a measure to evaluate the capacity of a material to withstand the 

initiation of cracks [33,38]. However, a material possessing a higher modulus of elasticity tends to 

exhibit diminished thermal shock resistance [21,34,39], as well as result of the work illustrated in 

Figure 9.  

Thermal shock resistance (Figure 9) of impregnated samples compared to control samples 

decreased from approximately 8% (CC-2, MCC-2) to 12% (CC-1, MCC-1).  

0.1 1 10

0

5

10

15

20

25

30

35

40

R
e
la

ti
v
e
 c

o
n
te

n
t 

o
f 

K
 (

w
t%

)

Penetration distance (mm)

The mark           The thickness of

of composition   resistance barrier,um

 CC-1        2080

 CC-2        1250

 MCC-1     1500

 MCC-2     1500

0.1 1 10

0

5

10

15

20

25

30

35

40

R
el

at
iv

e 
co

n
te

n
t 

o
f 

K
 (

w
t%

)

Penetration distance (mm)

The mark           The thickness of

of composition    resistance barrier,um

 CC-1        1500

 CC-2        1300

 MCC-1     1000

 MCC-2     900

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 November 2023                   doi:10.20944/preprints202311.0367.v1

https://doi.org/10.20944/preprints202311.0367.v1


 11 

 

 

Figure 8. Modulus of elasticity of control and impregnated samples. 

 

Figure 9. The comparison of thermal shock resistance of control and impregnated samples. 

In this study, the impregnation technology was used for a more accurate laboratory testing, but 

in practice liquid sodium silicate glass can be applied on the refractories by spraying or coating with 

a brush. Such application methods can be used easily in combustion plants boilers. 

4. Conclusions 

Impregnation of fireclay refractory castable with liquid sodium silicate glass under vacuum 

increased the density, ultrasonic pulse velocity, cold crushing strength, modulus of elasticity and 

reduced porosity, compacted the microstructure and increased resistance to alkali as a result of a 

barrier formed (0.9-1.5mm) that prevented further penetration of alkali and stopped further 

disintegration of refractory castable.  

The main properties of fireclay refractory castable impregnated with liquid sodium silicate glass 

improved because the impregnation densifies the microstructure and decreases the porosity of 

refractory castables by partially filling the pores and connecting capillaries, healing the microcraks 

and accelerates anorthite formation, which has good thermal stability properties.  

The thermal shock resistance of the impregnated samples compared to the control samples can 

decrease about 10%, because of the improved modulus of elasticity (7-16%). 
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