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Abstract 

In the present work; the impact of the solar and electrical energy on microstructures, crystalline phases and 

mechanical properties in the binary aluminium borate/alumina ceramic composite, prepared by wet method were 

studied.  Solar and electrical energy were employed by sintering the prepared samples at 1400 °C then thermally 

shocked at 1200°C and 1000°C in  the 100 and 20 cycles respectively. Corundum (Al2O3) with a low content of 

aluminum borate (Al18B4O33) was developed after sintering process and thermal shock. The scanning electron 

microscopy indicated a partial melting since the nano-scale rod crystals edges changed into curved one. 

Mechanical properties comprising (Young´s (E) and Coulomb´s (G) elastic moduli of elasticity) and density were 

investigated. The mechanical properties of these materials were deteriorated when compared with pure alumina 

ceramics. The flexural strength values of alumina ceramic showed the highest value of 244 MPa compared to 67 

MPa for alumina/aluminum borate composite, after 100 cycles of thermal shock. 

Keywords: Corundum; Aluminum borate (Al18B4O33);Thermal shock; Nano-scale crystals 

1. Introduction 

Solar energy derived from the sun is the best 

source of sustainable energy on earth. Man has 

tended to exploit this energy in many uses and fields, 

including heating water and converting it into steam 

to generate electric energy, and from household uses, 

including heating or agriculture, solar panels to be 

applied in cooking [1]. Solar energy is a clean source 

of energy overcoming the environmental pollutants 

resulting from non-renewable energy sources such as 

fossil fuel. Due to the drastic increase in energy 

demand, recent researches have turned to the use of 

clean renewable energies, such as the heat of the 

solar, wind and tidal energies. These energies are able 

to be converted to distinct energies for various 

applications. Tuning some technologies can develop 

very high temperatures extending to several hundreds 

of degrees. Upon reaching these high temperatures, 

this clean energy can be applied in the field of 

ceramics, whether traditional or advanced ones. 

Regarding solar energy, it is found to be very cheap 

and maintains positive effects on the sintering 

processes of ceramic materials. Thus, it reduces the 

production costs when utilized in 

industrialapplications [2].  

Applying sun renewable energy in ceramic 

sintering as well as thermal shock is considered as 

promising modern trends accompanied by reducing 

the cost of advanced materials production. In some 

implementations, the high temperature resistance of 

ceramics is specifically important. For their 

catastrophe functions, the tolerance of such resistance 

is highly necessary. Various methods for evaluating 

how the ceramic material is sensitive to satisfy the 

expectations of different applications [3-6]. 

Mechanical stress is produced therein when ceramic 

load is applied to thermal cracking. Strain rate energy 

is needed upon exceeding the mechanical properties 

level, which is followed by the creation and 

propagation of cracks. It should be noted that SiC 

whiskers reinforced ceramic or metal matrix 

composites exhibit the desired options among all 

ceramic or metal matrix composite reinforcing fibers. 

This feature results from the improved characteristics 

of these whiskers. The high cost of the 

aforementioned whiskers, restricts the industrial use 

of the composites. New research has therefore 
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attempted to add low cost aluminum borate whiskers 

to the industrial application of composite metal 

matrix [7]. The cost of Al18B4O33 is nearly 9% lower 

than the average SiC whisker. In addition, 

Al18B4O33whisker possesses unique properties.They 

comprise high strength and Young’s modulus (E) 

competing with those of SiC whisker [8].  

Reinforced aluminum-based composites with 

borate whiskerswere investigated. A number of these 

compositeswas used in manufacturing carmotors [9-

13]. It is substantial to evaluate their behavior at 

high-cycle surface temperatures and rapid cooling for 

so-called advanced technical ceramics. When the 

sample is thermally treated, variations in temperature 

exists between its top and its interior matrix, which is 

a highly mechanical stress. This kind of stresses can 

cause preexisting defects to develop with the 

consequent degradation inits properties. Some studies 

showed alterations in alumina behavior when 

subjected to thermal shock [14-18]. We are not sure 

about certain experimental studies that expose the 

behavior of aluminum borate/alumina when subjected 

to cycles of high surface temperatures and cooling 

fast. 

The main objective of this work was to evaluate 

the behavior of aluminum borate/alumina when 

subjected to rapid solar thermal shock cycles of 

temperature variation compared with conventional 

thermal shock using electrical furnace . 

 

2. Materials and methods 

2.1. Materials 

The present composite materials were composed of 

α-alumina as matrix. Moreover, pre-prepared 

aluminum borate is a reinforcing material. Alumina 

source was submicron α-alumina (Boehringer 

Ingelheim Chemicals Japan). Its particle sizes and 

surface area of alumina powder were within the range 

of 0.22-0.27 μm and 14-15 m2/g, respectively. In 

addition, aluminum borate nano-fibers are used as 

reinforcing materials. On the other side, the 

aluminum borate nano-fibers were synthesized using 

bauxite raw material (SiO2 : 13.32% ; Al2O3 : 79.13% 

and TiO2 : 3.59 %. Fe2O3 : 2.83%; Na2O+K2O : 

0.40%.CaO+MgO : 0.24% ; ZrO2 : 0.11% , P2O5 : 

0.16%) and boric acid (H3BO3) to design Al18B4O33 

[3].  

2.2. Preparation of the composites 

The preparation of aluminum borate nano-

fibers was based on introducing (H3BO3) in wt. % of 

5, 10, 15, 20 and 25 g with respect to 100 g of 

bauxite. In order to obtain homogenous, finely 

dispersed and un-agglomerated mixtures; 

Al2O3/aluminum borate mass ratios were (95/5, 90/10 

and 85/15). Then, they were milled for 24 h in a ball 

mill containing 150 ml ethanol together with 50 g 

Al2O3 balls as demonstrated in Table 1. For preparing 

the composite samples, the admixed sample powders 

(0.053 mm) were casted. They were placed in discs 

of volume (3 x 0.3 cm3) at 25 KN. PVA (7%) in 

aqueous solution was employed as binder.  The firing 

process was conducted up to 1450 °C using a rate of 

heating of 5 °C/min. The discs were fired within 

1000 to 1500 C temperature ranges. The 

microcrystalline structure was examined by scanning 

electron microscope SEM/EDX with attached energy 

dispersive X-ray spectrometer (SEM Model Quanta 

250, Holland). 

For thermal shock tests, both controlled 

solar energy and electrical furnace were used. The 

source of controlled solar energy consists of 130 m2 

flat heliostat placed on the outside of the building and 

a concentrator with about 100 m2 of reflection surface 

as shown in Fig. 1. The power rating of this oven is 

close to 69 kW. Fig. 2 explains the experimental 

arrangement (positioning of test pieces and 

thermocouples).It was used to expose aluminum 

borate/alumina into concentrated solar radiation. In 

Fig. 2A, 6 discs of aluminum borate/alumina 

positioned on a zirconia felt, with 5 cm 

diameter/disc.Then, they wereset to besubjected to 

concentrated solar irradiation. Beneath each 

specimen, there are Pt/Rd thermocouples to ensure 

the isothermal heating of the samples as displayed in 

Fig. 2B. To assure the mechanical properties results, 

identical test specimens were subjected to thermal 

cycling in groups of 3x6 =18 test pieces. Fig. 2C 

shows the temperature distribution to be evaluated 

through an infrared camera (IR CAM) and specific 

software of analysis. 

 

 

Fig. 1. Aspect of the parabolic concentrator and the 

test platform (with mirror reflector inclined at 45 

degrees) of the oven SF60 of the Solar Platform of 

Almeria. 

In order to obtain the rapid heating-cooling 

cycles, an automated system has been set: a shuttle-

type bulkhead, which alternately allows return the 

solar radiation to be cut and reset before it reaches the 

focal zone, where the test pieces are placed. The 

cooling of the test pieces can be accelerated by the 

application of surrounding air. All tested specimens 

through solar energy were subjected to 100 cycles of 
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temperature variation through a maxima ofTmax = 

1200 °C.The readings were recorded by 

thermocouple number 1 (thermocouple central). 

Some differences between treatments of the three 

groups of specimens were submitted and given in. 

Moreover, the samples subjected to thermal shock 

through electrical furnace at 1000oC for 20 cycles 

were characterized by X-ray diffraction and SEM / 

EDX analysis. Fig. 3 demonstrates an example of the 

heating-cooling cycles. The cycles are correlated to 

the test specimens of alumina/aluminium borate 

samples. The surrounding conditions were (Tmax ≈ 

1200°C; Tmin ≈ 700 °C). The 6 discs were subjected 

to 100 cycles. The temperature indicated in Fig. 3 is 

the recorded one by the thermocouple located in the 

center (denoted with the number 1 in Fig. 2B). 

 

 
2A 

 
2B                                        2C 

Fig. 2. Photos showing the experimental arrangement 

of the samples in the focal zone: A) positioning of 

thetested pieces aluminum borate/alumina discs); B) 

positioning of the tip of the thermocouples and C) IR 

Camera for temperature distribution. 

 

 
Fig. 3. A model graph presenting the data recorded 

during a thermal-cycling test. 

3. Results and Discussion 

Two routes for designing and choosing 

materials to achieve high thermal shock are 

commonly available [19]. Avoiding the initiation of 

fissures initiation is the first route. The second one is 

to monitor the cracks are propagated. The desired 

material properties comprise the high strength and 

thermal conductivity. Moreover, the low thermal 

expansion coefficient may prevent the resulting crack 

from the thermal shock. Two main types of high Tc 

ceramics exist. The first type shows high strength and 

thermal conductivity. The second one has a low 

thermal expansion coefficient [20]. Resisting the 

thermal shock may be enhanced by the improvement 

of σ. Moreover, bending strength, Young's modulus 

and  coefficient of thermal expansion are 

considered. Hence, without developing creep, the 

matrix may be encounter thermal stresses. Porosity is 

suggested to have a negative influence on ceramics' 

cold-shock resistance, but it possesses a beneficial 

effect to hot-shock resistance [21]. However, Young's 

modulus (E) can be diminished by the pores in 

ceramics. These pores contain gases. Usually, they 

are not affected by thermal expansion coefficient 

[19]. During thermal shock, some thermo-mechanical 

properties alter.They comprise cracking, tensile 

stresses during posterior thermal shocks. Some 

changes may arisein the structure of the residual glass 

phase.They indicate the formation of more liquid 

phase in addition to much  SiO2 formation. Thus, 

weakening the material. Moreover, residual bending 

power arise.The lattercounters the enhancement of 

thermal shock resistance. The pre-sintered sample's 

thermal shock (1450 °C/2h) at 1000 oC for 20 times 

displays no change in the sample surface. The 

sintered casted samples show the crystallization of 

corundum (-Al2O3, ICCD 46-1212). In addition, a 

very little amount of aluminum borate was developed 

too (9Al2O3.2B2O3, ICDD 80-2301). Before and after 

thermal shock (at 1000 oC for 20 cycles), corundum 

was developed in all the samples,however aluminum 

borate was developed in AB10 and AB15 samples  as 

shown in Fig. 4.  

 

Table 1. Composition of the binary alumina and the 

pre prepared aluminum borate. 

Sample 

Composition 
Submicron α-

alumina in 

mass% 

Al18B4O33 

whiskers in 

mass% 
A 100 0% 

AB5 95 5% 
AB10 90 10% 
AB15 85 15% 
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The dominance of corundum as the main 

phase represents the high alumina to boron oxide 

ratio. The performed measurements made allowed the 

value of the studied properties to be known before 

and after the test pieces were subjected to thermal 

cycles. This was the used technique upon exposure to 

high temperature cycles to determine the potential 

deterioration of the material. Table 2 summarizes the 

results of the experimental determination of the 

following properties of aluminum borate/alumina 

composites. They are density (according to 

Archimedes principle; Young's elastic modulus (E); 

Coulomb elastic modulus (G) and flexural strength. 

The values in Table 2 are accompanied by the 

respective values of the standard deviation. 

This work allowed us to demonstrate the work with 

regard to the possibility of executing rapid cycles of 

temperature variation through the current high 

concentration solar furnaces; and the conductivity of 

the tested material: aluminum borate/alumina. This 

work proved to be of the same good quality. They do 

not show rupture in any of the tested pieces upon 

exposing them to temperature cycles. The different 

sequences of 100 cycles (even the faster and more 

drastic sequence of 100 cycles in 77 minutes (Tmax = 

1200 °C and Tmin = 400 °C) did not display 

significant changes in any of the evaluated properties. 

The latter ones comprise density, Young's modulus, 

Coulomb modulus and flexural strength. The 

aforementioned properties were monitored before and 

after the application of the heating-cooling. The 

detected variation is practically negligible. It 

consisted of decaying the flexural strength after the 

application of 100 cycles in 150 minutes. The 

temperature was Tmax = 1200 °C and Tmin = 400 °C. 

Primarily, the value was 244 (± 46) MPa. After these 

100 cycles, it became 211 (± 34) MPa.  

SEM micrographs for the ceramic samples 

before and after thermal shock cycles are shown in 

Fig. 5. All the samples demonstrate rod-like crystals 

near one micron or in nano-scales. The rod thickness 

was between 100 and 500 nm. Generally, in looking 

to microstructure, after thermal shock the samples 

become relatively bigger with round edges. Only the 

AB10 sample (3B) does not show significant changes 

in the rod size (Fig. 4).  This was relevant to the 

microstructure of fine aluminum borate whiskers. 

The falling trend of the hardness value may be related 

to the larger crystal size. In particular, large internal 

stresses and micro-cracks along the tubes upon 

indentation may have been caused by the creation of 

hollow tubes. This led to simple crack propagation 

routes. The interlocking microstructure resulted in 

higher hardness in samples with smaller whisker 

crystals randomly targeted [22]. An inconsiderable 

fluctuation occurred in accordance with the changing 

phase. It may be the reason for which the starting raw 

materials were mixed heterogeneously. 

Moreover, the placed sample at different 

furnace locations may lead to diversified 

temperatures. The lost bending strength rates of AB5, 

AB10, AB15 and AB20 vary as follows:  

1-12 %, 13-21 %, 2-19 % and 11-28 % respectively. 

They start from their zero period values. For more 

than 30 times of thermal shock, the surfaces of the 

samples did not exhibit cracks.  

The dispersion nature of ceramics may be 

the probable explanation. Changing the pressure or 

the holding time should exist for each sample. On the 

other hand, different temperatures could be another 

explanation for coming from different locations of 

one furnace. After 30 times of thermal shock, no 

changes in the crystal phase can be observed. The 

surface of the samples did not change prior to and 

after being thermally shocked. The lost bending 

strength rate can increase directly proportional with 

thermal shock times. The glass and crystal phase 

thermal expansion coefficient vary. Mullite and 

cordierite will show a relaxing thermal expansion. 

This feature takes place as the stress at the interface 

of micro-cracked exists with toughening the 

composite ceramic. The presence of nano-rod may 

assist in the thermal shock resistance. It augments 

here as the existing nano-rod supplies a wavy 

fractured surface. The latter magnifies the area and 

toughness of the fractured plane [23]. Several pellets 

exist around or above the nano-rods. 

 
Fig. 4. X-ray diffraction patterns of sintered ceramic (at 1400 C/2h) samples before and after thermal cycles at 

1000 C. 
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Table 2. Mean value (± standard deviation) before and after the cycles for the properties of both alumina and 

aluminium borate/alumina composites. 

Sample 

Thermal Shock 
Properties 

Temp. 

°C 

No. of 

cycles 

Time 

min. Density 

kg/m3 

E 

MPa 

G 

MPa 

Poisson's 

ratio 

Flexural 

StrengthMPa 

A -- -- -- 3.90-3.94 355-376 154-161 0.15 244±46 

A 1200-900 100 35 3.92- 3.95 357-378 154-161 0,16 238 ± 37 

A 1200-900 100 150 3.92 - 3.95 354 - 369 154-160 0,16 244±31 

A 1200-900 100 77 3.89 - 3.94 354 - 369 154-161 0.15 242 ± 31 

AB5 -- --- -- 2.37 - 2.67    28 ± 15 

 1200-900 100 35 2.34 - 2.62    28 ± 15 

AB10 -- -- -- 3.32 - 3.49    67 ± 14 

 1200-900 100 35 3.22 - 3.49    63 ± 26 

AB15 -- -- -- 3.22 - 3.40    37 ± 9 

 1200-900 100 35 3.26 - 3.33    23 ± 8 

It is postulated that the facets of these rods 

surface are sufficiently efficient to pull each other. 

Alternatively, the thermal shock resistance at 1100oC 

for 20 minutes can explain the growth of the mullite 

crystal along the way. However, the micro-cracks 

spread across the broad crystal borders. The highest 

residual strength ratio arises beyond a 30 fold period. 

Surplus cracks may emerge due to the thermal 

stresses that arose at higher quenching cycles [24].  

 

 

 

 
Fig. 5. SEM micrographs of the ceramic samples 

before (1A, 2A and 3A) and after (1B, 2B and 3B) 

thermal shock cycles at 1000 C. 

 

It has been demonstrated that the apparent 

porosity increases with the growth of whisker content 

at the same sintering temperature. This is due to the 

aluminum borate whisker's melting point is 1440 °C. 

At higher sintering temperature, the whiskers possess 

anelevated creep resistance. Excessive whiskers 

would thus impede the shrinkage with a densification 

in the matrix of aluminum phosphate [25]. The 

increment in the density may due to the partial 

melting of AlBO whiskers forming a glassy phase 

which leads to decreasing the porosity.  

 

4. Conclusions 

In summary, various ceramics materials of 

binary aluminum borate/alumina composite were 

successfully produced using facile wet chemical 

precipitation method. The thermal shock was carried 

out using both solar and electrical furnace for 

comparison. The samples were thermally shocked at 

1200 °C and 1000 °C in the 100 and 20 cycles 

respectively. The SEM investigation illustrated that 

alumina phase with a low content of aluminum borate 

after thermal shock did not show any cracks. The 

mechanical properties displayed the highest value of 

244 MPa for alumina ceramics as compared with 

alumina/aluminum borate composite of 67 MPa after 

100 cycles of thermal shock.  
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