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Comparative study of a clay before and after fired brick-making process

Keywords: Brick-making, clay, clay minerals, mineralogical, insulation, red-bricks, sintering, thermophysical

By using X-ray diffraction, SEM/EDS spectroscopy, FT-IR spectroscopy and thermogravimetric analysis, this paper explores the structural, mineralogical and thermochemical transformations of a clay brick before and after baking process under real brick-making plant conditions. The investigated soil is a clayey soil used in brick manufacture, with a clay fraction of 59% dominated by silica. The thermal stability and the crystallinity state of the clay and its brick produced at firing temperatures of 880 °C were examined. The mineralogical transformation of kaolinite, quartz, illite and calcite were discussed and confirmed. The sintering phenomenon of clay was also observed. The thermal transport properties, including the thermal conductivity, the thermal diffusivity and the specific heat capacity were determined using a Transient Plane Source (TPS) method. A comparison of the values for the unfired clay and its associated fired brick can also be seen. It was confirmed that firing process has a negative effect on the thermal insulation of clay bricks due to the sintering process. Therefore, further studies are encouraged to be conducted to identify optimal firing temperatures for best pore interconnections in order to develop thermally efficient clay bricks with high porosity and good mechanical strength.

Introduction

The firing of clay dates back centuries as a standard manufacturing process for improving the durability and the mechanical properties of pottery and clayey building materials. However, the investigation of the thermochemical and the mineralogical changes of clay during the firing treatment has emerged at the end of the 20th century [START_REF] Bergaya | Handbook of clay science[END_REF] and has become essential for optimizing industrial processing, especially in fired clay brick-making industry. Indeed, the mastering of clay sciences has allowed researchers to study the effect of clay minerals and the heat treatment on the material behaviours in order to develop efficient products with controlled properties. Aras et al. [START_REF] Aras | [END_REF] studied the impact of common clay minerals on the mineralogy of fired products and interested in the modifications that take place during the heating process. García-Ten et al. [3] investigated the correlation between the mineralogical composition and the microstructure of materials on their thermo-mechanical parameters. It was found that the thermal conductivity and the mechanical strength strongly depend on two main factors, namely, the degree of sintering and the mineralogical composition of raw materials, which can be controlled respectively through firing and the preparation mixture phase. Recently, a review was conducted by V. A. Drebushchak et al. [4] to examine the thermal transformations of clay minerals under firing treatment.

To advance the understanding, this paper will examine the thermophysical, the chemical and the mineralogical modifications of a local clay used in hollow brick-making manufacture during its baking process.

Nomenclature a

Thermal diffusivity (mm 2 /s) cp Specific heat capacity (J/KgK) λ

Thermal conductivity (W/mK) ρ Density (Kg/m 3 )

Materials

Raw clay

The studied raw material is a local clayey soil used for the manufacture of fired hollow bricks, which was supplied by ARGILUX factory. The particle size distribution of soil was carried out using humid sieving and hydrometer sedimentation according to NF EN ISO 17892-4 standard, and showed 93.5% of particles finer than 65 μm. The Atterberg limits of soil was determined using Casagrande apparatus in accordance with the French standard NF P94-051. The chemical composition of soil was also investigated by Energy-Dispersive Spectroscopy (EDS) analysis coupled with Scanning Electron Microscopy (SEM) to identify the main elements present that may be of help in the explanation of results.

A summary of the physical and the chemical properties of the collected soil are given in Table 1. In addition, the X-Ray Diffraction (XRD) of the studied soil was performed using the SHIMADZU XRD-6000 diffractometer operating at 40 kW / 30 mA with a wavelength λ = 0.154 nm of Cu Kα radiation with range 10-100° (2θ) at a rate of 0.02°/min to establish the mineralogical identity of used soil. The powder XRD pattern, shown in Fig. 1, confirmed the EDS's results and showed that the raw material was essentially composed of quartz, kaolinite, illite, goethite and a small amount of calcite. 
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Fired clay

After the clay has passed through the production chain (i.e. preparation, shaping, drying and firing), the final hollow bricks (Fig. 2) were collected for the comparative analyses. It is worth noting that the hollow bricks were dried in a dryer room at 60°C for three days to prevent shrinkage cracks, and fired in a furnace for 24 hours at selected temperature of 880°C. Then, the studied samples were transported for laboratory tests. 

Methods

In the following, we will discuss the testing methods used in this paper to study the clay changes in the industrial manufacture of fired clay bricks. This comparative study can be divided into three main parts:

Mineralogical comparison

As the raw clay, the powder of the fired clay brick was prepared for investigating its crystalline state. The analysis was performed using the same X-Ray diffractometer and under the same diffraction angle to evaluate the crystalline changes of our clay. In addition, a thermogravimetric analysis TGA was performed using on both samples to evaluate the thermal stability of clay before and after the baking process.

Microstructural comparison

The morphological modifications of our clay samples were carried out using the SEM technique. As a complementary analysis, a Fourier Transform Infrared Spectroscopy (FT-IR) was performed on the raw clay and its associated fired brick to determine the molecular functional groups present on the sample's surface. The studied powder samples are prepared and premixed with 1% of the KBr compound. The infrared spectra are obtained by means of the SHIMADSU FTIR-8400S spectrophotometer with transmission mode in the wave number range between 400 cm -1 and 4000 cm -1 .

Thermophysical comparison

Since the studied clay was used for building material manufacturing, it is worthwhile to compare the thermal performance between our fired and unfired bricks. To this end, the thermophysical properties of both fired and unfired clay bricks were measured using the Hot Disk TPS 2200 apparatus that measures the thermal conductivity property of samples according to ISO22007-2.2. The measurement principle is based on a transient plan source technique, which was developed by Gustafsson [5]. As illustrated in Fig. 3, a double-spiral nickel sensor is sandwiched between two identical samples. The TPS sensor served to heat the samples with a constant electrical power and then to monitor their time-dependent temperature response. Finally, the thermal conductivity, the thermal diffusivity and the specific heat capacity are simultaneously calculated based on the recorded thermal response of samples studied. 

Results and discussion

Fig. 4 illustrates the powder XRD pattern of the raw clay and its associated fired clay brick. The X-ray diffraction analysis showed that the clay was subjected to four main changes during the backing phase, resulting in the modification of the crystalline structure of the clay. The slight modification of the quartz peak can be explained by the transformation of the α-quartz to β-quartz. The disappearance of both kaolinite and calcite peaks were observed. A total disappearance of calcite was confirmed by the EDS analysis of the fired clay brick. These modifications represent respectively the chemical transformations given in Table 2. The TGA thermograms obtained of the raw clay and its fired brick are shown in Fig. 5. The thermal stability was investigated by firing both samples from 50 °C to 900 °C in air atmosphere with a heating rate of 20 °C/min. The results show that the unfired and fired clay has respectively a total mass loss of 10% and 2%, highlighting the high thermal stability of fired clay bricks compared to the unfired ones. While the small change in mass of fired clay bricks can be attributed to the dehydration of adsorbed water, the unfired clay was subjected to five main decomposition listed in Table 3. These results showed a good agreement with the XRD analysis. Fig. 6 shows the infrared spectrometry of clay before and after its firing. The modifications (i.e. I and II) of the clay under the firing brick-making treatment was clearly observed. The FT-IR confirmed the presence and the decomposition of Kaolinite and Calcite in the clay and its fired brick, respectively. The results of the FT-IR analysis are summarized in Table 4. The finding results were well corroborated by the previous analyses. 
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Transmittance (%) Wavenumber (cm-1) AFTER I Fig. 6. FT-IR spectra of clay before (black) and after (red) firing process. The SEM images of clay before and after the firing are presented in Fig. 7. The SEM micrographs shows clearly the sintering phenomenon of clay minerals due to the thermal treatment of clay. This phenomenon presents the main objective of baking clay-based materials to enhance the mechanical strength of clayey products by eliminating microspores shown in Fig. 7a. In addition, the EDS results confirmed the total disappearance of calcite due to the baking processing.

In the following, we will discuss the effect of these changes on the thermal performance of clay bricks by investigating the thermal transport properties of clay before and after the industrial thermal treatment. Table 5 shows the measured thermophysical properties of unfired and fired clay. From Table 5 it can be seen that the values of the thermal conductivity and the thermal diffusivity of clay were increased by 10.8% and 14.8% after baking, respectively. In addition, the apparent density was increased by 7% due to the compaction of clay after the thermal sintering process. Therefore, and by dividing the volumetric heat capacity (i.e. ρcp) by the density, the thermal capacity of clay was reduced from 701.5 to 668.5 J/mK. In a thermal point of view, the results demonstrate the effectiveness of unfired clay bricks compared to their associated fired bricks for developing high-performant building envelopes with low environmental impact. 

Conclusion

In this work, a raw clay and its associated fired brick were studied. The results obtained from the test measurements show that the industrial backing process changes the microstructure and the chemical properties of the clay. Although the mechanical improvement, the thermophysical characterization of the studied clay and its fired clay shows that the thermal treatment of clay negatively affects the thermal performance of clay bricks and reduces their thermal insulation property. According to the carried out analyses, we can draw the following conclusions:

• During firing process, the physical, mineralogical, chemical characteristics of clay change.

• Firing process enhances the mechanical strength while reduces the thermophysical properties of clay.

• SEM analysis reveals the sintering phenomenon of clay.

• From the thermal point of view, the unfired clay bricks are effective compared to the fired clay.

From this paper, further studied are encouraged to identify optimal firing temperature in order to ensure best pore structure, or to develop unfired clay bricks with enhanced mechanical properties using environmentally friendly strategies. 
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 4 Fig. 4. XRD spectra of clay before (black) and after (red) firing process.
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 5 Fig. 5. TG-DTG pattern of clay before (right) and after (left) firing process.
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 7 Fig. 7. SEM images of clay (a) before and (b) after thermal treatment.

Table 1 .

 1 Soil characteristics.

	Property	%
	Atterberg limits	
	Liquid limit	40
	Plastic limit Plasticity index	21 19
	Particle size distribution	
	Sand	6.5
	Silt	34.5
	clay	59
	Chemical composition	
	SiO2	51.17
	Al2O3	19.57
	Fe2O3	10.88
	CaO	1.55

Table 2 .

 2 Main transformations of clay during industrial baking

	Transformation	Reaction	Temp (°C)	Reference
	Dehydroxylation of Kaolinite to metakaolinite	Al4Si4O10(OH)8 → 2Al2Si2O7 + 4H2O	450 °C -700 °C	[6]
	Transition of α-Quartz into β-quartz	α-quartz → β-quartz	570 °C	[7]
	Decomposition of Calcite	CaCO3 →CaO + CO2	800 °C	[8]

Table 3 .

 3 Thermogravimetric analysis of clay.

	Temperature (°C)	Mass loss (%)	Interpretation
	86	2.01	Dehydration
	285	1.22	Goethite decomposition
	525	3.12	Quartz transformation (α-Quartz → β-Quartz)
	680	2.89	Decomposition of Kaolinite and Illite
	830	0.41	Decomposition of Calcite

Table 4 .

 4 FTIIR interpretation of clay.

	Band cm -1 description	Interpretation
	I		
	3697,66	Valence vibrations of the O-H bond	Vibrations of structural hydroxyl groups' characteristic of kaolinite
	3620,51	Valence vibrations of the O-H bond	Stretching vibrations of the OH group of the adsorbed water
	3421,83	Valence vibrations of the O-H bond	Stretching vibrations of the OH group of the adsorbed water
	II		
	1637,62	Flexion of water molecules H-OH	Deformation vibrations of the OH group of the adsorbed water
	1431,23	C-H3 deformation	Characteristic band of carbonates

Table 5 .

 5 Thermophysical properties of Clay before and after firing.

	Clay	λ [W/mK]	a [mm 2 /s]	ρcp [MJ/m 3 K]	ρ [Kg/m 3 ]
	Unfired	0.807	0.581	1.389	1980
	Fired	0.972	0.682	1.424	2130
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