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1. Introduction

Due to its low thermal expansion coefficient, cordierite is a ceramic exhibiting a high resistance to thermal shocks. This property is used in applications that require good thermo-mechanical properties, below 1000°C, at low cost.
Cordierite can be produced by reactive sintering of raw materials as talc, natural and/or calcined kaolin, and alumina. During the synthesis, numerous parameters may influence the apparent expansion coefficient of the final ceramic [1-6]. Among these parameters, the size and shape of the raw materials particles in conjunction with the shaping process may lead to and orientation texture of the cordierite grains [4-6].

This work investigates the anisotropique microstructure of cordierite substrates used as catalyst support for automobile exhaust gas. These substrates present a honeycomb structure composed of a multitude of channels shaped by extrusion of a green pate.
The first part of this work focuses on the role played by the raw materials on the preferential orientation of the cordierite crystals after firing. The investigations are performed by conventional XRD measurements, pole figures acquisitions and Rietveld refinement of XRD patterns on green and fired samples.

For applications such as catalyst supports, the thermal expansion behaviour of the parts must be well controlled. In order to link the textured microstructure to the macroscopic anisotropic behaviour, the second part of this work investigated the thermal expansion coefficients of the cordierite unit cell. This is realised by high temperature XRD associated to Rietveld refinement. 

Those two points are then correlated in order to explain the anisotropique behaviour of the substrates.
2. Experimental procedure
2.1. Specimen preparation and characterisation
During the first part of this work, two formulations (references A and B) of extruded green honeycombs, provided by NGK Ceramics Europe S.A. (Baudour-Belgium) were investigated. The green pates are composed of talc, natural + calcined kaolins and alumina. In composition A the ratio natural / calcined kaolin is 1:1 whereas in the case of composition B this ratio reaches 2:1. The green specimens were cut and polished in order to obtain plan samples corresponding to the sidewall of the honeycomb cells (Fig 1).
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Fig. 1  : Surface analysed by XRD

A  diffractometer Siemens D5000 with CoKradiation and Fe filter was used to characterise by poles figures the orientation of talc and kaolinite crystallites in theses samples.

These samples were then sintered at 1420°C. The characterisation from pole figures of the preferential orientation of cordierite crystals was not possible. Therefore, the texture was then characterised by from conventional XRD patterns by using an orientation factor defined by equation (1):
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Were: I(020), I(110), I(002) are the intensities of the diffraction peaks associated to respective (hkl) planes. The R values were compared to a reference value R0 measured on a powder sample witch theoretically does not present any preferential orientation.

For the second part of the work, in addition to NGK specimens A and B, laboratories cordierite specimens were prepared by wet mixing of talc (VWR), white kaolin (VWR) and -alumina (Alcoa A16 SG) powders. Compositions were calculated from raw materials in order to belong to the cordierite forming region of the ternary diagram Al2O3–MgO–SiO2 (Fig. 2) and to answer to the general formula 2MgO xAl2O3 5SiO2, with x = 1.1, 1.4, 1.7, 2.0 and 2.3 (specimens references: 11, 14, 17, 20 and 23).
In order to increase reactivity during sintering and to avoid microstructure orientation due to the raw material particle shapes, the dried powder mixture was milled. The mixture was then pressed (50 MPa) into pellets ( = 30mm, h ~ 10 mm) and sintered 1h at 1350°C (heating rate 5°C/min).
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Fig. 2  : Al2O3 – MgO – SiO2 ternary diagram []

SEM/EDX characterisation of carbon coated polished cross-section of the sintered specimens was performed using a JEOL JSM 5900 LV instrument equipped with an Oxford EDS.

HT–XRD patterns were collected using a Brucker D8 Advance instrument (Cu anticathode) with a high temperature MRI chamber. In order to avoid peak shifts due to specimen surface displacement during heating, parallel beam geometry was realised by a primary Göbel mirror and post-specimen Soller slits.

Rietveld refinement was performed using the SIEMENS win-Rietveld software. The starting crystal structure model was taken from the literature [7]. Only the lattice parameters, the peak shape and the scale factor were open to refinement.
3. Experimental results
3.1. Characterisation of textures in the green and fired bodies
Pole figures relative to (002) planes of kaolinite and (006) planes of talc show that crystallographic c-axes of kaolinite crystals and talc are preferentially oriented perpendicularly to the direction of extrusion and to the honeycomb walls (Fig. 3). The shape of the platelets of kaolinite crystals and talc combined with the shear stresses generated by the extrusion process can explain this result (Fig. 4a). It is to notice that no significant differences are observed in the maximum pole density of the pole figure between samples A an B (Table 1). So an increase in calcined Kaolin contents does no affects the green texture.
To study the texture of the cordierite formed after firing, the orientation factor R (1) was measured on the sintered samples and compared to the reference R0 of a powder sample. Significantly higher values for R than for R0 (Table 2) pointed out that the cordierite crystals grow in a way that the c-axe is perpendicularly to the c-axes of talc and kaolinite (Fig. 4b). This is in agreement with published theory of cordierite formation during reactive sintering [4]. Decreasing the ratio natural/calcined kaolin does not negatively affect the final orientation of cordierite crystals. On the contrary the R factor is slightly higher for samples B (high calcined kaolins) than for samples A.
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Fig. 3  : Pole figures of (002) kaolinite plans (a) and (006) talc plans (b) collected on specimen A.

	
	Sample A
	Sample B

	Kaolin (002)
	5,7
	5,1

	Talc (006)
	9,5
	8,5


Table 1  : Maximal normalised pole densities
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Fig. 4  : Preferential orientation of the c-lattice axes: - (a) talc and kaolinite grains in the 
	
	Factor
	Sample A
	Sample B

	Sample
	R
	33,1
	41,7

	Reference
	R0
	14,8
	14,8


Table 2  : Orientations factors R for sidewalls specimens A, B and reference powders 
3.2. Characterisation of the thermal expansion behaviour
As expected, room temperature DRX patterns colleted on the sintered specimens show the presence of cordierite (JCPDS 13-0294) as the main phase. Minor phases are also observed for lowest alumina content specimens (protoenstatite).and highest alumina contents (Mullite, spinel).
SEM observation on laboratories specimens, confirms the large domination of cordierite grains. Quantitative EDS was performed over a large raster in order to be compared with the theoretical overall compositions calculated from the raw powders. This comparison highlights higher real alumina contents than expected. These later analyses can be used to recalculate the formulae of the cordierite specimen (Table 3).

HT-XRD patterns show lower angles peak shifts due to lattice thermal expansion (Fig. 5). It can be notices that these shifts are function of the (hkl) plans, what let assuming an anisotropic behaviour.
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Fig. 5  : HT – XRD patterns collected on specimen 17 (read = heating, blue = cooling) 
	Ref
	MgO
	Al2O3
	SiO2

	
	Calc
	EDS1
	Calc
	EDS1
	Calc
	EDS1

	
	
	x
	x’
	

	11
	2
	1.9
	1.1
	1.4
	5
	5

	14
	2
	1.9
	1.4
	1.7
	5
	5

	17
	2
	2.0
	1.7
	2.0
	5
	5

	20
	2
	1.9
	2.0
	2.4
	5
	5

	23
	2
	2.0
	2.3
	2.9
	5
	5


Table 3  : Formulae of the cordierite specimens. Calc = calculated from raw materials; EDS = SEM/EDS analyses of specimens
From the Rietveld refinement results, the relative (with reference to room temperature) variations of the lattice parameters obtained were plotted versus the temperature (Fig. 6). Significant differenced are observed between the a, b and lattice axis. The c parameter exhibit almost no change with temperature on the contrary with a and b.

The thermal expansion coefficients (between RT and 1000°C) have been calculated from these graphs (Table 4). As for NGK specimens A and B, all laboratories specimens exhibit c very weakly negatives whereas the a and a range between 2.4 10-6 K-1 and 5.5 10-6 K-1 according to alumina contents. This anisotropic behaviour associated with the preferential orientation of the cordierite in the NGK fired bodies explain the significant differences in apparent thermal expansion coefficient  measured parallel to extrusion axis (Table 5) and the coefficient measured on a non-textured sample of cordierite (~ 3 10-6°K-1).
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Fig. 6  : Relative variations of lattice parameters with temperature for specimen 17.
	Specimen
	Thermal expansion coefficients (K-1) along

	Ref
	x’
	a-
	b-
	c-

	A
	-
	4.9
	4.2
	-0.7

	B
	-
	3.8
	3.2
	-0.8

	11
	1.4
	2.6
	3.9
	-0.8

	14
	1.7
	3.7
	4.5
	-1.3

	17
	2.0
	3.7
	4.7
	-0.1

	20
	2.4
	2.4
	5.6
	-0.3

	23
	2.9
	3.6
	3.7
	-0.4


Table 4  Thermal expansion coefficients (K-1) cordierite specimens (HT-XRD).

	
	 // Extrusion Axis (K-1)

	Sample A
	0,45-0,55.10-6

	Sample B
	0,40-0,47.10-6


Table 5  Thermal expansion coefficients (K-1) cordierite specimens (Dilatometry).

The comparison of the expansion coefficients  of sample A and B agrees with the orientation factors R and confirms a better preferential orientation of the cordierite crystals in sample B.
The anisotropic thermal expansion behaviour of cordierite highlights the importance of the control the texture of the final microstructure. Indeed, if the preferential orientation is not controlled the differences in shrinkage during cooling may be source of stresses and directly causes cracks in the final parts.

4. Conclusion

This work shows that the extrusion process used in the manufacture of cordierite catalyst support, lead to an orientation of the talc and kaolin platelet in the green bodies. Then cordierite ceramics obtained after sintering is textured. Moreover, a decreased ratio natural kaolins/calcined kaolins does not negatively affect the final texture. On the contrary, the orientations factors measured indicate a better orientation of the cordierite crystals with the sample containing the highest calcined kaolin fraction. This result seems to enhance the role played by the talc during the transformation to cordierite.
This work also confirms the anisotropic thermal expansion behaviour of cordierite crystals. The HT-XRD characterisation shows that between RT and 1000°C, a very weak contraction occurs along the c- lattice axis. On the contrary expansion coefficients along a- and b- lattice axes can reach 6 10-6 K-1 and is never below 2.4 10-6 K-1. The influence of the alumina content seems to be significant; however additional investigations are needed before formulating reliable conclusions on that point.
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