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Introduction 

A range of lime-free castables, predominantly based on 

MgO-SiO2, Al2O3-SiO2 and MgO-Al2O3 bond systems, has been 

developed and resulted in suitable high-temperature properties 

via the formation of refractory compounds such as mullite 

(3Al2O3.2SiO2) and MA-spinel (MgO.Al2O3) [1]. The 

conventional method of the preparation of MA spinel is solid 

state sintering between high purity MgO and Al2O3 where the 

temperature needed is normally between 1200 and 1400°C for 

commercial practice [2 and 3]. The self-forming (insitu) spinel is 

fabricated during service by reaction of fine magnesia (MgO) 

additions with alumina present in the matrix fines, often in the 

calcium aluminate cement. Very often small amount of 

microsilica is added to the insitu spinel bonded castable to 

promote hydration resistance [2, 4 and 5]. Mullite (3Al2O3-

2SiO2) is a characteristic, strong and thermo-dynamically stable 

product in the high temperature solid-state reaction between 

silica (SiO2) and alumina (Al2O3) [6-9]. In low and ultra low 

cement concretes (LCC and ULCC), fine silica and alumina 

powders, contained in their matrices, lead on firing to form 

insitu mullite in the bond phase as a network of needles at ≥ 

1300°C. The elongated needle-like mullite crystals grow and 

lock the structure to create a strong refractory bond system so 

improving the mechanical properties of the castable  and 

strengths the microstructure of the binding matrix [10-12]. 

The properties of refractory concretes or castables are 

largely dependent upon the choice of refractory aggregate and 

hydraulic cement used. In principle, all refractory grains can be 

used in refractory concrete as aggregates but in practice most 

aggregates contain mainly alumina and silica in various forms 

[13]. 

Experimental procedures 

The starting materials used in this investigation are: calcium 

aluminate cement (Alcoa, CA-25R- 80 % Alumina), Egyptian 

kaolin aggregate, preformed MA-spinel (MgO.Al2O3), 

preformed mullite (3Al2O3-2SiO2), magnesium oxide MgO 

(BDH), silica SiO2 (≥ 96 %) and calcined aluminum oxide Al2O3 

(Alcoa). 

The refractory aggregate (kaolin) were well graded as 65 

wt. % coarse (2.36-0.50 mm), 10 wt. % medium (0.50-0.25 mm) 

and 25 wt. % fine (< 0.25 mm). The refractory castable samples 

were prepared according to the compositions represented in 

Tables 1, where a 90 wt. % well-graded aggregate intermixed 

with the binding matrix and adequate amounts of distilled water 

according to the standard "good ball in hand" ASTM C-860 

method. The mixed batches were then cast into cubes of 25 mm 

side length in steel moulds and left in their moulds at 100 % 

relative humidity for 24 hrs. The samples were then demoulded 

and further cured for 7 days under water, followed by drying at 

110ºC for 24 hrs. Finally the samples were subjected to firing at 

1550°C in an electric muffle furnace for a soaking time of 1 hr. 

The refractory castable samples were characterized using X-

ray diffraction (XRD) analysis where PHILIPS "PW 1840" 

diffractometer with Cu-kα radiation and Ni-filter. PHILIPS "PW 

1729" X-ray generator and PHILIPS "PW 8203A" recorder (at a 

scan speed 0.1°, 2θ from 5° to 100°, slit 0.2) are used. Selected 

castable samples were subjected to scanning electron 

microscopy (SEM). A "JEOL JXA-840" high resolution 

scanning electron microscope was used. 

The 7-days cured samples were crushed (after drying), 

finely ground, and then subjected to DTA and TGA. This 

investigation was carried out using a "Shimadzu DTA-50" and
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"Shimadzu TGA-50" thermal analyzers. Each sample was 

heated in Nitrogen atmosphere (Rate flow of N2: 20 ml / min.) 

from the ambient temperature to 1000°C with heating rate of 

10°C/min. 

Results and discussion 

Microstructure of the fired castables 

The phase composition of the kaolin-based (K0, K2, K8, K5 

and K11) castable specimens sintered at 1550°C for 1hr, were 

investigated by means of X-ray diffraction (XRD) analysis and 

scanning electron microscope (SEM).  

The XRD patterns of the kaolin-based castable specimens 

K0, K2, K8, K5 and K11 are shown in the Figs. (1 and 2). 

 
Fig (1):  X-Ray Diffraction patterns of castables K0, K2 and 

K8 fired at 1550°C for 1hr (c : corundum, m : mullite). 

 
Fig (2): X-Ray Diffraction patterns of castables K0, K5 and 

K11 fired at 1550°C for 1hr (c : corundum, m : mullite). 

The castable sample K0 was considered as the control 

castable sample. The XRD patterns indicated that all the castable 

specimens composed mainly of transformed mullite phase along 

with some peaks characterizing the corundum phase. Other 

minor phases, CAC and spinel (preformed or insitu), present in 

small quantities and could not be detected by XRD analysis. The 

SEM micrographs of the kaolin-based castable specimens K2, 

K8, K5 and K11 are shown in Figs. (3-6).  

 
Fig (3): SEM photomicrographs of K2 castable sample fired 

at 1550°C for 1 hr (C: corundum grains, M: needle-shaped 

mullite). 

They show that the kaolin particles are usually stacked 

together to form agglomerates, and the irregular Al2O3 particles 

are dispersed in the matrix. The primary mullite appears to grow 

from the kaolin raw materials with a rod-like shape [14]. Mullite 

and corundum phases appeared as result of sintering of castable 

samples at 1550°C for 1hr where kaolinite (A12O3.2SiO2.2H2O), 

the essential component of kaolin, lost the OH units in its crystal 

structure at around 450ºC, forming an almost amorphous 

material known as metakaolinite (Al2O3.2SiO2). Metakaolinite 

structure is unstable and at about 1000°C it is transformed to γ-

alumina, cristoballite (SiO2) and primary mullite crystals. At 

higher temperatures, the crystals of primary mullite grow by 

reacting with amorphous aluminosilicate phase forming 

secondary mullite [15 and 16]. The impurities distort the atomic 

structure and assist the formation of liquid phase at higher firing 

temperatures.  

 
Fig (4): SEM photomicrographs of K8 castable sample fired 

at 1550°C for 1 hr (C: corundum grains, M: needle-shaped 

mullite). 

 
Fig (5): SEM photomicrographs of K5 castable sample fired 

at 1550°C for 1 hr (C: corundum grains, M: needle-shaped 

mullite). 

 
Fig. (6): SEM photomicrographs of K11 castable sample 

fired at 1550°C for 1 hr (C: corundum grains, M: needle-

shaped mullite, L: liquid phase). 

Brindley and Nakahira [17] reported that when kaolinite 

sample is heated up to 1050°C, the transformation from kaolinite 

to mullite can be explained by the following reactions: 

                                       400 – ≈500ºC 

      A12O3.2SiO2.2H2O    ————      (Al2O3.2SiO2)   + H2O                 

              Kaolinite                                       metakaolinite 

                                        ≈950ºC 

      2(Al2O3.2SiO2)      ————     Si3Al4O12         +     SiO2         

      metakaolinite                           (Al-Si spinel)        

(amorphous) 

                                     1050ºC 

        3Si3Al4O12         ————   2(3Al2O3.2SiO2)    +   5SiO2  

     (Al-Si spinel)                                  mullite             

(amorphous) 

Differential Thermal Analysis (DTA) and Thermal 

Gravimetric Analysis (TGA): 

The results of thermal analyses by thermogravimetric 

analysis (TGA) and differential thermal analysis (DTA) of 

castable sample K0 (the control castable sample), hydrated  for 7   
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days are shown in Fig. (7).  

 
Fig. (7): Thermal analyses (TGA and DTA) of castable 

sample K0, hydrated for 7 days. 

Castable sample K0 displays DTA endotherms at ≈ 35°C, 

240ºC, 261ºC and broad endotherm in the region 285ºC to 

682ºC.  The TG thermogram of the castable sample K0 is from 

room temperature to 1000ºC. The stages of weight loss are 

showed in Table (2). The total weight loss was 3.397 % from 

room temperature to 700 ºC. 

Kaolin-based Castable Samples Containing Spinel 

(Preformed or In situ): 

Fig. (8; A, B and C) shows the DTA thermograms of 

castable samples couples (hydrated for 7 days) K1, K7; K2, K8; 

and K3, K9, respectively. 

They show DTA endotherms at ≈35ºC to 40ºC, ≈245ºC, 

≈275ºC and broad endotherms in the region ≈275ºC to ≈800ºC.  

 
(A) 

 
(B) 

 
(C) 

Fig. (8): Differential thermal analysis (DTA) of castable 

samples couples K1, K7 (A); K2, K8 (B); and K3, K9 (C), 

respectively. 

The TGA thermograms of the castable samples K2 and K8 

are from room temperature to 1000 ºC. The stages of percentage 

weight loss are shown in Table (3). The total weight loss of both 

castable samples was 1.721 % and 3.306 %, respectively, as 

measured from room temperature to 700ºC. 

Kaolin-based Castable Samples Containing Mullite 

(Preformed or In situ): 

Fig. (9; A, B and C) shows the DTA thermograms of 

castable samples couples (hydrated for 7 days) K4, K10; K5, 

K11; and K6, K12, respectively. 

They show DTA endotherms at ≈35ºC, ≈245ºC, ≈280ºC and 

broad endotherms in the region ≈280ºC to ≈900ºC.  

 
(A) 

 
(B) 

 
(C) 

Fig. (9): Differential thermal analysis (DTA) of castable 

samples couples K4, K10 (A); K5, K11 (B); and K6, K12 (C), 

respectively. 

The TGA thermograms of castable samples K5 and K11 are 

from room temperature to 1000ºC. The stages of percentage 

weight loss are shown in Table (4). The total weight loss of both 

castable samples was 2.569 % and 0.748 %, respectively, as 

measured from room temperature to 700 ºC. 

The DTA endotherms formed in the temperature range up to 

≈ 250ºC are due to the release of free or the physically bound 

(absorbed) water [18- 20]. The endotherms at 250°C to 450°C 

are due to expulsion and oxidation of the volatile organic 

compounds. The hexagonal hydrates CAH10 (the main hydration 

product of CA and CA2 phases) and C2AH8 are meta-stable 

under the influence of temperature conversion into the stable 

cubic hydrates C3AH6 (katoite) and AH3 (gibbsite) [21]. The 

dual endotherms occurring in the temperature range 250 to 

350°C represent dehydration reactions involving (AH3) and 

C3AH6 [22 and 23]. 

As the temperature goes up, the kaolinite undergoes 

dehydroxylation and recrystallization. Dehydroxylation that 

occurs on the phase boundary [16] produces a broad 

endothermic reaction in the 500-600°C range. Dehydroxylation 

begins at the temperature ≈ 450°C and continues up to around 

700°C [18, 24-27] or ≈ 800°C [28]; and it can be shifted to the 

temperature ≈ 420 °C [29]. The endotherm revealed in this 
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temperature range corresponds to loss of the hydroxyl units 

(removal of the chemically bound water) and complete 

expulsion of the structure water of the kaolinite structure, 

forming an almost amorphous material identified as metakaolin 

[16, 18, 30 and 31], whereas recrystallization of the resulting 

metakaolinite to cristoballite (SiO2) and γ-Al2O3 or mullite 

produces an exothermic reaction between 950 and 1050°C. 

The mechanism of dehydroxylation includes a transport of 

OH- groups to the phase boundary, then the reaction of the 

groups on the boundary and, finally, transport of the products 

(H2O molecules) to the edge of the crystal. It was revealed, that 

this process is diffusion of the H2O molecules between layers of 

the kaolinite structure [16]. That is to say, it occurs through 

diffusion-controlled mechanism. Because of the condition that 

2/3 of the OH groups in the octahedral layer are on the surface 

of the layer and 1/3 of the OH groups are inside, two different 

activation energies of dehydroxylation can exist [32]. Liberation 

of the outer OH groups appears at the temperature 420 - 600°C, 

and the liberation of the inner OH groups appears at higher 

temperatures as far as 850 - 950°C [33-36]. 

A chemical equation of dehydroxylation can be represented 

by several ways. The chemical equations describing this process 

are: 

                 (Al2O3.2SiO2.2H2O) → (Al2O3.2SiO2) + 2H2O (g), 

                Al2Si2O5(OH)4 → Al2Si2O7 + 2H2O(g);     or  

considering that in a unit cell there are eight OH groups, which 

undergo the following change: 

                 8OH
–
 → 4H2O (g) + 4O

2–
                        [16]  

Metakaolinite with its new structure in the crystals is 

created at the temperature range of 420 - 740°C [27]. 

The exotherm at 900 - 1000ºC reflects the formation of 

crystalline product (spinel phase) from the amorphous 

intermediate phase.  

Upon further heating, sintering reactions took place and 

mullite formation, γ-alumina and cristoballite (SiO2) are 

observed [18, 30, 31 and 37]. 

The compositions prepared were designed to evaluate and 

detect the effect of the added spinel or mullite to improve the 

final castable products. This could be obviously seen and 

supported from results of TGA and DTA thermal analyses (as 

shown in Figs 8 and 9 comparing with Fig. 7) . In the sense that 

Figs 8 and 9 display induced gradual thermal stability as 

functions of the added additives (spinel or mullite) causing a 

displacement of TG and DTA thermograph peaks towards 

higher temperatures. Consequantely these, of course, may 

induce high refractoriness and hence high mechanical proerties 

durability of the castable products.      

Conclusions 

The main conclusions derived from these investigations are 

summarized as follows:  
1. The X-ray diffraction patterns of the kaolin-based castable 

samples indicated that they composed mainly of transformed 

mullite phase along with some peaks characterizing the 

corundum phase. Other minor phases, CAC and additive (added 

spinel or mullite; preformed or in situ), are present in small 

quantities could not be detected by XRD analysis. 

2. The SEM micrographs show that the kaolin particles usually 

stack together to form agglomerates, and the irregular Al2O3 

particles disperse in matrix. The primary mullite appears to grow 

from the kaolin raw materials with a rod-like shape. The 

secondary mullite also grows to an elongated shape.  

3.The differential thermal analyses (DTA) and 

thermogravimetric (TGA) measurements of kaolin-based 

castable samples containing spinel and mullite (preformed or 

insitu) are mainly the thermal analysis of kaolin (the main 

constituent of the castable samples, 90 wt. %).  

4. In general, the DTA curve of each kaolin-based castable 

sample show three endotherms in the temperature range between 

room temperature and ≈ 265°C and broad endotherm in the 

region ≈280ºC to ≈820ºC. 

5. The DTA endotherms formed in the temperature range up to 

≈250 ºC are due to the release of free or the physically absorbed 

water. The endotherms at 250°C to 450°C are due to expulsion 

and oxidation of the volatile organic compounds. The dual 

endotherms occurring in the temperature range 250-350°C 

represent dehydration reactions involving (AH3) and C3AH6. 

The kaolinite undergoes dehydroxylation and recrystallization 

producing a broad endothermic reaction in the 500ºC - 600°C 

range.  
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Table (1): Mix composition of refractory castable batches based on kaolin aggregate (K). 
Sample Symbol Kaolin Agg. Wt. % Binding matrices 

CAC wt. % Spinel wt. % 

K0 90 10 0 

K1 90 8 2 Preformed spinel 

K2 90 6 4 

K3 90 4 6 

K4 90 8 2 Preformed mullite 

K5 90 6 4 

K6 90 4 6 

K7 90 8 2 In situ spinel            (MgO + Al2O3) 

K8 90 6 4 

K9 90 4 6 

K10 90 8 2 In situ mullite            (3Al2O3 + 2SiO2) 

K11 90 6 4 

K12 90 4 6 
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Table (2): The percentage weight loss of castable sample K0 
Temperature Stage (ºC) Castable Sample K0 

(Sample wt.: 23.91 mg) 

Start End Wt. loss% 

28 200 0.868 

200 278 1.271 

278 648 1.108 

648 716 0.150 

Total:                         3.397 % 

 
Table (3): The percentage weight loss of castable samples K2 and K8 

Temp. Stage (ºC) Castable Sample K2 

(Sample wt.:2.289 mg) 

Temp. Stage (ºC) Castable Sample K8 

(Sample wt.:4.903 mg) 

Start End Wt. loss% Start End Wt. loss% 

55 188 0.094 23 203 0.601 

190 291 1.202 204 283 1.062 

293 437 0.119 284 603 1.039 

439 594 0.052 603 667 0.604 

596 665 0.254    

Total:                     1.721 % Total:                     3.306 % 

 
Table (4): The percentage weight loss of castable samples K5 and K11 

Temp. Stage (ºC) Castable Sample K5 

(Sample wt.:5.208 mg) 

Temp. Stage (ºC) Castable Sample K11 

(Sample wt.:1.672 mg) 

Start End Wt. loss% Start End Wt. loss% 

26 193 0.397 35 208 --- 

195 275 1.115 211 270 0.720 

276 608 0.534 273 443 --- 

610 673 0.523 445 649 0.028 

Total:                     2.569 % Total:                    0.748 % 

 


