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This study investigates the effects of adding clay and fireclay on the physical and mechanical 
properties of magnesia-based refractories such as contraction, bending strength, bulk density, 
and apparent porosity. Domestic raw materials were used for the preparation of samples fired at 
1350, 1450, and 1550 °C for 2 h. Adding clay exhibited no significant effect on the density and 
porosity, whereas adding fireclay had a remarkable influence on the shrinkage. Nevertheless, 
the effects of clay and fireclay on the strength of magnesia were unnoticeable. X-ray diffraction 
results showed that, after firing, the main phase compositions of the samples with clay addition 
were periclase and forsterite. Adding fireclay led to the synthesis of magnesite spinel, which 
can be attributed to the high alumina content. Based on scanning electron microscopy, no liquid 
phase was formed indicating that the sintering was a solid-state evolution with the synthesis of 
forsterite.  
© 2022 The Authors. Published by Synsint Research Group. 
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 Introduction 1.

Refractory oxides are ceramics that can be employed for elevated-
temperature applications [1–5]. Magnesia with a melting point of   
2800 °C is a member refractory materials that is broadly used for lining 
the industrial steel and metallurgical furnaces because of its properties 
like good slag resistance and superior refractoriness [6–9]. However, 
the high cost of production of pure magnesia is one of its shortcomings. 
The appropriate introduction of some cheap components like 
serpentine, talc, kaolin, and clay is a suitable way to sinter magnesia 
bricks while maintaining refractory properties and performance [10–
13]. It should be mentioned that sintering magnesia refractory materials 
along with such materials leads to the synthesis of other phases like 
spinel and forsterite. Sintering mechanisms of magnesia bodies can be 
enhanced  by  the  formation   of   aforesaid   formed   phases   [14–16].  

 
Forsterite melts at 1905 °C, which is suitable for the manufacturing of 
refractory products [17–19]. Also, some characteristics of forsterite are 
low thermal conductivity, good volume stability, low expansion, and 
better resistance to high-iron slags compared to magnesia. It is also 
unreactive to CO2 and CO gases or water vapor [20–22]. Magnesia 
exhibits the same behavior against these gases; however, its thermal 
expansion coefficient (14×10-6 K-1) is greater than that of forsterite [23, 
24]. 
In addition to forsterite, the synthesis of spinel results in refractoriness 
of magnesia bodies [25–27]. Several researchers have done some 
works about the fabrication of magnesia by synthesis of magnesia–
forsterite–spinel bodies. The fine microstructure of sintered forsterite–
spinel aggregates was fabricated by the addition of kyanite, sillimanite, 
and andalusite to magnesia by firing up to 1700 °C [16, 28]. Bodies of 
fused  forsterite–periclase  with  better  resistance   were   prepared   by  

https://synsint.com/index.php/synsint/article/view/80
http://www.synsint.com/
mailto:e-salahi@merc.ac.ir
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.53063/synsint.2022.2280
https://www.synsint.org/
https://synsint.com/index.php/synsint/article/view/80
https://synsint.com/index.php/synsint/article/view/80
https://orcid.org/0000-0002-6673-2058
https://orcid.org/0000-0002-5468-196X
https://orcid.org/0000-0001-6288-7178
https://orcid.org/0000-0001-8903-0828
https://crossmark.crossref.org/dialog/?doi=10.53063/synsint.2022.2280&domain=pdf


E. Salahi et al.                                                                                                                 SYNTHESIS AND SINTERING 2 (2022) 92–98                                                                                                                                                93 
 

 
Table 1. Chemical analysis of raw materials. 

Starting 
materials 

Composition (wt%) 

MgO Al2O3 SiO2 CaO Fe2O3 Na2O K2O TiO2 

Magnesite 97.3 0.26 1.3 0.33 0.11 0.26 - - 

Clay 0.05 15.2 75.5 0.28 0.5 0.12 2.5–3 0.56 

Fireclay 7.3 43 46 0.29 1.1 0.34 0.28 1.5 

 

smelting dunite with adding brucite, magnesite or sintered periclase  
[29]. The formation reactions of magnesia achieved from seawater 
during the isothermal sintering process were examined. To characterize 
the formation condition of spinel and forsterite, different additives were 
introduced. Slags of carbon–ferrochrome were utilized to produce the 
forsterite–spinel bodies. Magnesia was added up to 9 wt% to improve 
the refractoriness of the produced bodies [30]. 
The formation of forsterite and spinel by adding Egyptian alum–waste 
to magnesia was investigated. Egyptian kaolin was employed to study 
the influence of adding calcined kaolin on the sinterability of dead-
burned magnesia. The spinel formation in specimens led to the 
enhancement of the performance and refractoriness of the produced 
forsterite parts [31]. Samples with 10–20 wt% kaolin showed good 
mechanical and high refractory properties as well as high sinterability. 
It was reported that these samples are suitable to use as a heating zone 
of cement rotary kilns as well as lining for various sections of steel 
furnaces. Materials with 30–40 wt% kaolin having restricted 
refractoriness can be utilized as kiln furniture in ceramic industries or 
heat exchangers [32]. Forsterite, periclase, and spinel were produced by 
other sources, including diopside, monticellite, and akermanite, during 
the firing process of dolomite-rich clay. A collection of gehlenite, 
wollastonite, and larnite was detected in the calcium-rich clay. 
Diopside, akermanite, forsterite, periclase, monticellite, and spinel 
were observed in the reaction products of the magnesium (calcium)-
rich clay. The presence of a potassium–calcium sulfate was recognized 
in both clays fired between 900 and 1100 °C [33]. 
The present study explores the possibility of reducing the cost of 
magnesia refractories by adding clay and fireclay. The main objective 
is to investigate the effects of adding clay and fireclay to magnesite on 
the formation and properties of magnesia–forsterite–spinel refractories.  

 Materials and methods 2.

Clay and fireclay were chosen as additives to be introduced to 
magnesite. The raw materials were ground in an alumina jar mill and 
were passed through a 45-µm sieve before determining their chemical 
and phase compositions. The chemical composition of the raw 
materials was determined through an X-ray fluorescence spectrometer 

(XRF: ARL 8410 with Rh radiation, 40 mA, 60 kV) under normal 
conditions. Table 1 presents the results of the chemical analysis of the 
starting materials. 
An X-ray diffractometer (XRD: Siemens D-500 with CuKα radiation, 
30 mA, 40 kV) was used to investigate the phase composition of the 
raw materials and phase evolution in the processed samples. The XRD 
results were analyzed with the aid of the X'Pert HighScore software. 
Table 2 shows the results of the phase analysis of the staring materials. 
Table 3 shows the initial constituents of the samples and the defined 
coding system. The samples were prepared by first calcining the clay at 
800 °C and then grinding in the alumina ball mill. The fireclay and 
magnesite were also ground for 8 h to obtain a suitable PSD. The 
batches were treated in the distilled water solution to enhance their 
mixability. Then, they were mixed for 1 h and dried overnight in an 
oven at 120 °C. The dried samples were used to make granules with 
4% moisture for pressing. 10 g of each batch was weighted for the 
preparation of bars with dimensions of 60×10×5 mm3 utilizing 
uniaxially pressing with a load of 100 MPa. The samples were fired at 
1350, 1450, and 1550 °C in an electric kiln with a rate of 5 °C/min and 
were soaked for 4 h at a maximum temperature under atmospheric 
conditions. 
The shrinkage of the 27 samples (9 formulations fired at 3 different 
temperatures) was determined by direct measuring the length of the 
samples with a caliper. Meanwhile, their porosity was determined using 
the Archimedes method. A scanning electron microscope (SEM: 
Cambridge Stereoscan 360) was employed to study the microstructural 
characteristics of the produced samples. Particle size distribution (PSD) 
and flexural strength were determined by a particle size analyzer 
(Fritsch Analysette 22) and a three-point bending strength test machine 
(Instron 1196), respectively.  

 Results and discussion 3.

3.1. Phase analysis 

Due to the similarity of the samples composition and to decrease the 
cost of the characterizations, only a limited number of them underwent 
phase  analysis.  Fig. 1  shows  the  XRD  patterns  of  samples  3-1350, 

Table 2. Phase composition of starting materials. 

Starting materials Phase composition 

Magnesite Periclase   

Clay Silica, kaolinite, nacrite, and illite   

Fireclay Mullite and cristobalite 
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Table 3. Coding system and initial constituents of the samples. 

Initial formulation 
(wt%) 

Sample code 

1-T* 2-T 3-T 4-T 5-T 6-T 7-T 8-T 9-T 

Magnesite 100 95 90 85 80 90 80 70 60 

Clay 0 5 10 15 20 0 0 0 0 

Fireclay 0 0 0 0 0 10 20 30 40 

                       * T stands for temperature in °C: 1350, 1450 or 1550 

 

3-1450, and 3-1550 fired at different temperatures, as well as 
sample 6-1450. As expected, the semi-quantitative analysis 
revealed that the major phase in the samples is periclase. 
The main recognized phases in the samples after sintering were 
periclase and forsterite. Although some alumina (about 15% 
according to Table 1) was present in the initial clay 
composition, the XRD patterns of samples 3-1350, 3-1450, and 
3-1550 exhibited no alumina phase. Thus, aluminum oxide 
might have been solved in other phases and formed a solid 
solution. Of course, it should be noted that the amount of clay in 
the initial formulation of series 3-T samples was only 10%. 
Hence, the amount of alumina may have been so small that it 
was beyond the ability of the XRD analyzer to be detected.  
Another important point is the absence of the mullite phase in 
the XRD patterns of sintered samples. According to the 
calcia/silica molar ratio, the aluminosilicate compounds were 
probably consumed during the evolution of forsterite and spinel 
phases. Fig. 1 shows that spinel is not present in the samples 

containing clay as an additive. However, spinel was synthesized 
in sample 6-1450, the additive of which was fireclay.  

3.2. Porosity, bulk density, and shrinkage 

Fig. 2 shows the porosity of the samples fabricated at different 
firing temperatures as a function of clay content. As expected, 
sintering at higher temperatures decreases the porosity in the 
samples. The standard deviations of the porosity of the samples 
suggest that nearly no significant changes in porosity occurred 
when clay was added to magnesia. Anyway, in the samples 
manufactured at 1350 °C, the porosity variations have a 
sinusoidal behavior between ~25% and ~29%. In samples 
sintered at 1450 °C, the porosity increases from ~23% for the 
clay-free sample to ~26% for the sample containing 10% clay, 
but adding more clay up to 20% reduces the porosity to ~22%. 
In samples fabricated at 1550 °C, the addition of clay up to 10% 
has little effect on the porosity as the porosity is ~21% constant. 
Adding more clay to 20% reduces the porosity to less than 18%. 

Fig. 1. XRD patterns of samples 3-1350, 3-1450, 3-1550, and 6-1450. 
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As clearly seen in Fig. 3, adding fireclay affected the porosity content 
in the sintered magnesia. It seems that at all sintering temperatures, 
increasing the amount of fireclay initially reduces the amount of 
porosity, but with further increase of this additive, the amount of 
porosity sharply increases. The lowest porosity was obtained by adding 
20% fireclay in the samples sintered at 1450 and 1550 °C. However, in 
the samples made at 1350 °C, the lowest porosity was observed in the 
specimen containing 10% fireclay. As expected from these 
experiments, the sintering temperature has a significant effect on the 
densification process, and as the temperature increases, the porosity 
decreases remarkably.  
Given that the porosity contents of the fired samples with clay additive 
have not markedly changed, the slight decrease in bulk density values 
caused by adding clay, as shown in Fig. 4, may be attributed to the 
differences in density of clay (2.86 g/cm3) [34] and magnesite         
(3.23 g/cm3) [35]. Such an attribution is supported by the nearly 
constant shrinkage of the samples with various amounts of clay, as 

illustrated in Fig. 5. However, both the bulk density and shrinkage 
variations of the samples generally show an almost linear decreasing 
behavior with increasing clay content. Moreover, Figs. 5 and 6 clearly 
show the effective role of the firing temperature in increasing the bulk 
density and shrinkage of the samples.  
Figs. 6 and 7 present the bulk density and shrinkage of the samples, 
respectively, sintered at different temperatures as a function of fireclay 
content. As can be expected, the bulk density and shrinkage of the 
samples increased with increasing the sintering temperature. In the 
samples processed at 1350 °C, the addition of fireclay up to 10% did 
not affect the bulk density, but the addition of higher amounts of this 
additive caused a significant drop in bulk density. In the samples made 
at 1450 °C, the addition of fireclay up to 20% caused a very small 
decrease in bulk density, but the introduction of more additive caused a 
sharp drop in this property. At the firing temperature of 1550 °C, it 
seems that adding 10% of fireclay increases the bulk density, but 
similar to other temperatures, more additives cause a bulk density drop. 

Fig. 2. Porosity of the samples sintered at different temperatures as a 
function of clay content. 

Fig. 4. Bulk density of the samples sintered at different temperatures 
as a function of clay content. 

Fig. 3. Porosity of the samples sintered at different temperatures as a 
function of fireclay content. 

Fig. 5. Shrinkage in the samples sintered at different temperatures as a 
function of clay content. 
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In shrinkage graphs (Fig. 7) of the samples with fireclay additive, with 
increasing the amount of this additive, the shrinkage first increases, but 
with increasing the amount of additive, this property decreases. The 
maximum shrinkage was obtained by adding 10% of fireclay in the 
samples processed at 1350 and 1450 °C, but at the sintering 
temperature of 1550 °C, the highest shrinkage belonged to the sample 
containing 20% fireclay.  
3.3. Bending strength  

Figs. 8 and 9 show the changes in the bending strength values of 
the samples processed at different temperatures as a function of 
clay and fireclay contents, respectively. As can be seen in both 
figures, increasing the fabrication temperature of the specimens 
has led to greater flexural strength. These observations may be 
attributed to the decrease in porosity content, which resulted in 
better bonding between the grains in samples fired at higher 
temperatures. According to Fig. 8, the addition of more clay in 
the samples processed at 1350 °C has improved the flexural 

strength as much as possible. However, in the samples made at 
higher temperatures, it seems that the addition of clay did not 
have much effect on the flexural strength of the samples. The 
trends of changes in the flexural strength of the samples 
containing fireclay have sinusoidal behaviors. Due to the 
considerable values of the measured standard deviations, the 
effect of this additive on the strength of the resulting material 
cannot be judged accurately and correctly.   
3.4. Microstructure observation 

Fig. 10 shows the microstructures of the samples with 10% clay 
additive sintered at different temperatures. The growth of 
crystals can be observed by increasing the firing temperature. 
The necks are increasingly formed, so the increase in the 
bending strength at higher temperatures is confirmed. No trace 
of liquid phase formation was seen in the SEM images, so the 
hypothesis that the sintering process in this system has 
progressed in the solid state is strengthened and proven.  

Fig. 8. Bending strength of the samples sintered at different 
temperatures as a function of clay content. 

Fig. 9. Bending strength of the samples sintered at different 
temperatures as a function of fireclay content. 

Fig. 7. Shrinkage in the samples sintered at different temperatures as a 
function of fireclay content. 

Fig. 6. Bulk density of the samples sintered at different temperatures 
as a function of fireclay content. 
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 Conclusions  4.

Given the experimental results of this study, the following conclusions 
can be drawn:  
• Phase analysis showed that adding fireclay to magnesite caused the 

synthesis of forsterite and spinel, whereas adding clay primarily led 
to the evolution of forsterite. 

• Sintering at higher temperatures increased the shrinkage and 
decreased the porosity content. 

• Increasing the amounts of clay or fireclay additives did not 
significantly affect the bending strength. 

• Despite the occurrence of grain growth at higher temperatures, 
increased bonding among the particles, resulted in enhanced 
bending strength. 

• Determining the optimal amount of fireclay or clay based on the 
cost of the final product requires additional research and 
characterizations.   
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