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bstract

he description of the texture in an extruded honeycomb structure of cordierite and its effects on mechanical properties is the main goal of this
aper. To understand the behaviour of the extruded material, the elastic properties of a natural cordierite single crystal with a transversal isotropic
ehaviour were determined with different methods. The CTE and Young’s modulus in an extruded structure were empirically correlated with the

referred orientation of the grains and single crystal measurements. The correlated properties were compared with the measured properties. The
oung’s modulus shows a similar behaviour in different directions while the CTE shows a strong anisotropy, and it is thought that microcracking
ay influence both properties.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

The coefficient of thermal expansion (CTE) for the cordierite
ingle crystal is negative in one direction. A crystal texture in
component will cause different CTEs in different directions.
ordierite is commonly used in the automotive industry for cata-

yst substrates and diesel particulate filters. It has been known for
ong that the CTE of extruded cordierite is extremely low and that
ordierite has a robust thermal shock resistance. But the median
TE of the single crystal of cordierite1 does not fit with mea-

ured CTEs of the extruded honeycomb structure in axial and
adial direction. The extrusion of the honeycomb structure tends
o produce a specific texture in the extruded walls. This work
ill give a more specific description of the orientation of the

ingle crystals in an extruded cordierite honeycomb structure.
he difference of the orientation in direction of extrusion and

n the perpendicular direction will be described through XRD

easurements at important areas in the structure. The properties

f the single crystal and the orientation will help to understand
he properties of the extruded honeycomb structure. The results
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f the single crystal were compared to the results of the com-
onent in respect to the orientation of the single crystals. Some
amples of the extruded material were pressed to a solid material
efore sintering. The properties of this material were measured
nd discussed in respect to the measured properties of the square
ell structure.

. Experimental

.1. CTE of cordierite

CTE was measured with a Netzsch Dilatometer 402C with
used silica rods (always measured during heating from 25 to
000 ◦C). The honeycomb structure requires two different spec-
men geometries to describe the CTE of the structure. Two
ifferent specimen types are shown in Fig. 1. The axial speci-
en represents the direction of extrusion and the radial specimen

escribes the direction perpendicular to the direction of extru-
ion.

.2. Young’s modulus
.2.1. Cordierite single crystal
To describe the direction dependent mechanical properties

f the extruded honeycomb structure, the properties of the

mailto:bubeck@gmx.de
dx.doi.org/10.1016/j.jeurceramsoc.2009.06.005
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Fig. 1. Definition of the axial and radial direction in the square cell structure.
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ig. 2. Schematic graph of the hexagonal cordierite structure of the single
rystal.

ordierite single crystal were of interest. To get the stiffness of
he single crystal, a natural cordierite single crystal from South
frica was used. A cube with the size of 6.89 mm was prepared

o that the c-axis of the single crystal overlapped with an axis
f the cube. The natural cordierite shows similar weight com-
onents of SiO2, Al2O3 and MgO in relation to the sintered
ordierite, and is in accordance with the results of Toohill.2 On
he assumption of transversal isotropy along the c-axis, the stiff-
ess matrix was measured with ultrasonic phase spectroscopy
UPS)3 and resonant ultrasound phase spectroscopy (RUS)4 at

aTeCon GmbH.5 Fig. 2 shows the coordinate system of the
ube of the cordierite single crystal. The c-axis of the single
rystal is in the direction 3 of the coordinate system of the stiff-
ess matrix. The geometric dimension and the weight of the
ingle crystal cube are shown in Table 1. The stiffness matrix
as deduced from the measurement of the velocity of sound
ith the UPS and RUS. With the UPS, the elastic constants
11, C22, C33, C44, C55 and C66 were determined. Each con-
tant was averaged over at least 3 measurements. The constants
ere calculated from the velocities and the density of the cube.
he other constants C12, C13 and C23 were identified with RUS.

able 1
eometry and density of the cordierite cubes.

ample Mass (g) L1 (mm) L2 (mm) L3 (mm) Density
(g/cm3)

ingle crystal 0.8463 6.89 6.89 6.89 2.59
ressed 90◦ 2.1694 11.07 11.40 11.08 1.55
ressed 45◦ 1.1603 11.17 7.76 9.07 1.48
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ig. 3. Schematic graph of the measurement of the Young’s modulus; a linear
ariable differential transformer (LVDT) is used for measuring the displacement
f the specimen.

he natural vibrations of the specimen were activated in a fre-
uency range from 100 kHz to 1 MHz. In this range 80, resonant
requencies were detected. With the measured frequencies the
onstants C12, C23, C33, C44 and C66 were fitted (least square
t) iterative with the C-Code of Migliori and Sarro.4

.2.2. Extruded cordierite with honeycomb structure
The Young’s modulus was measured in a 4-Point-Bending-

est (4PB). A specimen with 4 cells vertical and 4 cells
orizontal (4 × 4) and a length of 50 mm was bent in a 4PB.
he deflection was measured at three different positions (in the
iddle of the specimen, under the inner rolls in the 4PB—Fig. 3)
hile the load was applied. With the applied moment and con-

idering the accurate moment of inertia for the 4 × 4 specimen
tructure, the Young’s modulus was calculated. Measurements
Young’s modulus) in radial direction in the 4PB are not valid
ecause the structure of the radial specimen deforms strongly
nd the measured bending does not only depend on the material
roperty. A FEM (finite element method) simulation of a radial
pecimen in a 4PB showed a strong deformation of the square
ell (square cell to rhombus) for the most part between the outer
olls. The result underestimates the Young’s modulus in radial
irection, because the measured deflection is too high and no
ccurate formulas for this structure are available to adjust the
esults.

.2.3. Extruded cordierite—pressed before sintering
To get a better understanding of the properties, an extruded

oneycomb structure was pressed to a solid (without square
ells) in a green state before sintering. The extruded structure is
hown in Fig. 4. The axis 3 in the extruded cell structure indi-
ates the direction of extrusion. After the extrusion, the vertical
alls were sheared in the 1–2-plane until the material was dense.
fter sintering, two pressed cubes were prepared to identify

he stiffness matrix (Table 1). The first cube (pressed 90◦) had
he direction of extrusion in direction 3 of the stiffness matrix.
he second cube (pressed 45◦) had the direction of extrusion

n 2–3-plane (direction 3, rotated about −45◦ around the axis

). These cubes were also measured with the UPS and RUS
ethod. With measurements on both cubes, the evaluation of

he stiffness matrix is possible assuming a transversal isotropic
ehaviour along the direction of extrusion.
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Fig. 4. (a) Positions of the different areas measured for the microdiffractometer
to describe the orientation of the c-axis in the extruded honeycomb structure
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ence of the CTE between the high form and the low form.
While the expansion in the a-axis increased, the contraction
in the c-axis increased too. Natural cordierite has usually the
low form, while extruded and sintered square cell structures

Table 2
CTE measured by Fischer8 and Ikawa9.

CTE (10−6/K)

Fischer, 1974
a1–a2-axis α25· · ·1200 = 2.97
c-axis α25· · ·1200 = −0.77

Ikawa, 1988
High a1–a2-axis α25· · ·1000 = 3.29
the direction of the radiation is along the longer axis of the ellipse), cell wide

c = 1.1 mm and wall thickness lw = 0.3 mm. (b) X-ray diffraction diagram of
osition 2.

.3. Distribution of the c-axis in a honeycomb structure

The orientation of the c-axis of the cordierite single crys-
als in an extruded honeycomb structure is described by Rasch1

nd Lachman.6 Rasch showed a preferential orientation of the
-axis in the direction of extrusion (direction 3 in Fig. 4a).
achman describes that the c-axis of the single crystals are

n the plane of the extruded wall but without a preferential
rientation. To describe the distribution of the c-axis in the
xtruded honeycomb, seven different interesting areas (Fig. 4a)
ere measured by XRD. The measurements were made with a
ruker-AXS D8advance Microdiffractometer (100 �m collima-

or and hi-star areal detector, Cu K� radiation). For comparison,
he I-ratio for non-oriented powder of the same material
as measured with a Bruker-AXS D8advance Diffractometer

aperture stop 1 mm, Cu K� radiation) with a powder-holder
side loading), where no force to the powder is applied. The
egree of orientation was defined by an XRD intensity ratio
I-ratio)6:

-ratio = I110

I110 + I002
(1)

The values of I110 and I002 represent the peak area (integrated
ntensity—peak function: Pearson VII) of the reflection from the

lanes (1 1 0) and (0 0 2) of the cordierite polycrystals. The plane
1 1 0) is parallel and (0 0 2) perpendicular to the c-axis. The
eflection of the XRD plane (1 1 0) is at 2θ = 18.14◦ and the plane
0 0 2) at 2θ = 18.95◦ for Indialite. The lower the concentration of
mic Society 29 (2009) 3113–3119 3115

rystallite c-axis in the direction normal to the measured surface,
he higher the I-ratio and vice-versa.

The relative peak areas are a function of the degree of a
referred orientation of the c-axis of the crystallites in the hon-
ycomb structure. The results are estimated as from hexagonal
ordierite (high form, Indialite). It is structurally similar to the
rthorhombic cordierite (low form).6 The extruded and nor-
ally sintered cordierite is a compound between the low form

orthorhombic) and the high form (hexagonal) with a specific
haracteristic. This can be observed in Fig. 4b. In the range of
θ = 18.14◦ the peak shows a hump. This is caused by the fact
hat the low form cordierite has two peaks for plane (3 1 0) at
θ = 18.03◦ and plane (0 2 0) at 2θ = 18.21◦ which are similar to
lane (1 1 0) of Indialite, while plane (0 0 2) is at 2θ = 19.00◦ for
he low form (similar to plane (0 0 2) of Indialite).

Different areas were measured to describe the orientation of
he c-axis in the honeycomb structure (Fig. 4). Areas 1–3 are
erpendicular to the direction of extrusion. In this plane, three
reas are of major interest. Areas 1 and 2 describe the orientation
n an extruded wall near the surface and in the center, area 3
n the intersection. Areas 4–7 are parallel to the direction of
xtrusion. Areas 4 and 5 describe the orientation in a wall near
he surface and in the center. Area 6 describes the orientation
n the surface of the extruded honeycomb structure while area 7
escribes the orientation in the center of the wall, parallel to the
urface. With the information of the I-ratios of the 7 areas and
he information of a pure random orientation (non-orientated
owder), a preferred distribution or orientation of the c-axis in
he extruded square cell structure can be evaluated.

. Results and discussion

.1. CTE

The CTEs of the cordierite single crystal were measured by
ischer7 and Ikawa8 (Table 2). While Fischer presented only

hree values of the CTE, Ikawa measured the thermal expan-
ion of high and low cordierite in the direction of different
xes at many temperatures. Table 2 shows a profound differ-
High c-axis α25· · ·1000 = −0.47
Low a-axis α25· · ·1000 = 4.26
Low b-axis α25· · ·1000 = 3.90
Low c-axis α25· · ·1000 = −0.89
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Table 3
Results of the UPS and RUS of the cordierite single crystal.

UPS (GPa) RUS (GPa)

C11 202.8 200.9
C12 – 85.6
C13 – 83.7
C22 199.7 200.9
C23 – 83.7
C33 175.2 176.1
C 48.3 47.3
C
C
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ig. 5. Thermal expansion of hexagonal cordierite in the direction of the a-axis
nd c-axis.9

ave the high form. Prolonged heating (t > 100 h at 1330 ◦C)
howed a change by which the high form (hexagonal) is con-
erted with time and temperature to the low form (orthorhombic)
hich is stable at that temperature.9–11 To correlate the material
ehaviour of the extruded cordierite, the CTE of the single crys-
al with the high form in the direction of the c-axis is assumed
o be αc = −0.47E−06 1/K and in the direction of the a-axis
a = 3.29E−06 1/K.8 Fig. 5 shows the temperature dependent
xpansion of the a- and c-axes of the high form cordierite single

rystal.

The measured extension and the CTE of the honeycomb
tructure are shown in Fig. 6 for the axial and radial direc-

ig. 6. Thermal expansion of the extruded cordierite honeycomb structure in
xial and radial direction (a) change in length (b) the technical CTE relating to
nitial length at room temperature (25 ◦C).
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55 45.7 47.3

66 58.6 57.6

ion. The results show a transversal isotropic behaviour in
n extruded cordierite honeycomb structure. The CTE in
xial direction is αax = 0.41E−06 1/K and in radial direction
rad = 1.15E−06 1/K. In axial direction, the original length

s reached at 705 ◦C and in radial direction at 220 ◦C. These
esults are between the expansion of the a-axis and the c-axis
f the single crystal. This is caused by a preferential distri-
ution of the single crystals in the extruded structure. The
verage value for the CTE of the extruded honeycomb struc-
ure is αstructure = 0.90E−06 1/K, while the average value for the
ingle crystal is αsingle = 2.04E−06 1/K (Table 2—Ikawas high
ordierite). Therefore, there is a profound difference between
he CTE of the single crystal and the extruded structure. This
ill be discussed in Section 3.4.

.2. Young’s modulus

The results for the material constants for the cordierite single
rystal are shown in Table 3. The results of the UPS confirm the
ypothesis of the transversal isotropy along the c-axis (3-axis)
f the single crystal. The difference between the averages of C11
nd C22 is 1.5%, whereas the difference to C33 is about 13%.
lso the constants C44 and C55 have a difference of 2.7%, and
66 is about 25% higher.

To fit the constants of the stiffness matrix iteratively to the
xperimental resonance frequencies, the values of the UPS were
sed as starting values for the RUS fit to have fast convergence.
ith 78 natural measured frequencies, the constants C12, C23,

33, C44 and C66 were fitted iteratively with the C-Code of
igliori and Sarro.4 The assumption that C13 and C23 have the

ame value as C12 was made. For the values C11 and C22, the
verage from the values C11 and C22 (UPS) was used. The same
as done for C44 and C55. The stiffness matrix and the Young’s

odulus show similar results as the cordierite of Toohill.2 With

he stiffness matrix the elastic constants were calculated12 as
resented in Table 4. The Young’s modulus in the direction of
he a-axis Ea = 148.03 GPa and in the direction of the c-axis

able 4
irection-dependent Young’s modulus, shear-modulus and Poisson’s ratio of

he cordierite single-crystal.

Ea (GPa) Ec (GPa) Gac (GPa) νaa νac

ingle crystal 148.03 127.19 47.30 0.2844 0.3401
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Table 5
Results of the pressed square cell structure.
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I-ratio = 0.63 for random powder. This effect is probably gener-
ated by the material and the different preparation methods of the
ig. 7. (a) Extruded honeycomb structure pressed after extrusion—the hon-
ycombs are incompletely pressed together, the direction of extrusion is
erpendicular to the picture (b) Schematic of the pressed honeycomb structure.

c = 127.19 GPa. In the direction of the c-axis E has a 14%
maller value compared to the a-axis. This result can imply that
preferred orientation of the c-axis in a polycrystalline extruded
tructure produces a smaller Young’s modulus in that direction.

To get the Young’s modulus of the honeycomb structure
n axial direction, each of the five specimens was loaded and
nloaded four times. The average value of the measurements
as taken for the Young’s modulus of one specimen. There-

ore, the Young’s modulus was calculated as average value of
he specimens to Eax = 9.40 GPa for cordierite in the honeycomb
tructure in axial direction.

The geometric dimensions of the pressed cubes and their
ensities are shown in Table 1. The difference of the density
ndicates that the elastic properties of these cubes are not exactly
he same. The pressed solid material shows flat void tubes in the
ubes (Fig. 7).

Because of the asymmetric pressed square cells, an
rthotropic symmetry was expected for the cubes. This results
n an incomplete stiffness matrix with two cubes. Through a
igh weakening of the sound waves, the RUS-Method was not
pplicable on the extruded specimens. Therefore the results are
rom UPS. With additional tests on specimen “Pressed 45◦”, the

onstant C23 was calculated:

23 =
√

(C22 + C44 − 2 ∗ ρ ∗ υ2
23/23) ∗ (C33 + C44 − 2 ∗ ρ ∗ υ2

23/2

p
f

GPa) C11 C22 C33 C44 C55 C66

ressed 90◦ 8.2 20.1 24.9 9.3 5.9 5.4

υ23/23 is a longitudinal wave, which spreads in direction 2
r 3 (Fig. 7). With UPS, the velocity was averaged over three
easurements in both directions to υ23/23 = 4058 m/s. For the

ensity, the value of the specimen pressed 90◦ with 1.55 g/cm3

as used. The constant C23 was calculated to C23 = 9.8 GPa.
his result should be treated as an approximation because the
ssumption was made that both specimens have the same mate-
ial behaviour. This assumption is not quite correct because
here is a difference of 4.5% between the densities of the two
ubes. This can cause an inexact stiffness matrix. The other con-
tants are presented in Table 5. The highest value is the constant
33 = 24.9 GPa in the direction of extrusion and C22 = 20.1 GPa.
11 = 8.2 GPa is the lowest constant with a difference of 67%

o the highest value. The highest value in the direction of extru-
ion means the highest stiffness in this direction. The constant of
irection 2 of the pressed cube (Fig. 7b) represents the stiffness
long the wall (perpendicular to area 5 in Fig. 4), while direction
shows the stiffness perpendicular to the wall (perpendicular to

rea 7 in Fig. 4). The directions 1 and 2 represent each a part of
he stiffness in radial direction of the honeycomb structure while
irection 3 represents the direction of extrusion. The results of
he pressed cubes indicate that the stiffness in axial direction
s higher than the stiffness in radial direction of the extruded
oneycomb structure and a preferred orientation of the c-axis
erpendicular to the direction of extrusion. With the stiffness of
he single crystal (Table 4) and the results for the CTE (αax, αrad)
f the extruded honeycomb structure (Section 3.2), the stiffness
atrix of the pressed cube indicates inconsistent behaviour. This

s the result of the incompletely pressed solid cube from the hon-
ycomb structure. The void tubes which are a result of the square
ells of the extruded structure going continuously through the
ube in direction 3 (Fig. 7). The ellipse form of these voids has a
referred orientation in direction 2. This produces a lower stiff-
ess in direction 1. The same effect appears in direction 2 but is
educed because of the orientation of the ellipse voids.

.3. Distribution of the c-axis in a honeycomb structure

The results of the different positions measured with XRD
re shown in Table 6. The I-ratio for non-orientated cordierite
s labeled Powder AM. Cordierite was ground in an agate mor-
ar and measured in a powder-holder. Non-orientated cordierite
as a measured I-ratio of 0.75. This value is different to the
esults measured by Lachman.6 He measured an I-ratio = 0.65
or non-orientated cordierite made by isostatic pressing and an
3) − C44 (2)

owder. With the used powder holder (side loading), nearly no
orces are applied to the powder.
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Table 6
I-ratios at different areas and of the non-orientated powder.

I-ratio

Area 1 0.35
Area 2 0.36
Area 3 0.55
Area 4 0.78
Area 5 0.73
Area 6 0.98
A
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the correlated CTE. But with a minimum I-ratio of 0.35, the
minimum possible CTE of α = 0.70E−06 1/K is still larger as the
measured CTE (αradial = 0.41E−06 1/K). Thus, the orientation
of the single crystals cannot describe the CTE of the material

Table 7
CTE of the cordierite in honeycomb structure.
rea 7 0.86
owder AM 0.75

Areas 1–3 (Fig. 4) show a clearly smaller coefficient than
.75 which indicates a preferred orientation of the c-axis in the
irection of extrusion in the wall and still a preferred orientation
f the c-axis in the intersection in direction of extrusion. This fits
ith the hypothesis of Rasch.1 Areas 4 and 5 show no significant
ifferences to the non-oriented powder. Areas 6 and 7 show a
igher I-ratio than the powder. The I-ratio of 0.98 on the surface
f the extruded substrate indicates that near the surface, nearly
ll c-axes are lying parallel to the surface. The I-ratio of 0.86
ndicates that in the middle of the wall, most c-axes are still lying
n the plane parallel to the surface. The I-ratios of areas 1, 4 and 6
ndicate a strong orientation in the direction of extrusion. Area 1
hows the lowest I-ratio. On area 6, nearly no intensity of (0 0 2)
lanes is detected. There are nearly no c-axes perpendicular to
his surface. Therefore, the I-ratio of area 4 with the I-ratio of
rea 6 shows a preferred orientation of the c-axes in the direction
f extrusion. An I-ratio of 0.75 does not necessarily predict that
here is no orientation of the c-axes. The results of the areas 2, 5
nd 7 in the center of the extruded channel walls give the same
verage I-ratio as the measurement near the surfaces of the walls
1, 4 and 6), but indicate a reduced orientation of the cordierite
rystals.

.4. Correlation of the properties of the single crystal and
he polycrystal square cells

With the I-ratios of areas 1–7 and the CTEs of the single crys-
al (Table 2) it can be concluded that the CTE in the direction
f extrusion is smaller than in the radial direction. The extruded
oneycomb structure shows a preferred orientation of the c-axis
n the direction of extrusion. However, a reason for a preferred
rowth of the c-axis in the disk shaped raw materials in the direc-
ion of extrusion is unknown. Lachman6 noted that the material
as a high expansion through the wall (perpendicular to area 6).
hat high expansion has no effect on the expansion of the struc-

ure. It should be noted that the average CTE of the extruded
tructure does not have the same value as the average CTE of
he single crystal. At the interface in the radial direction between
he wall and the intersection (areas 1–3) is the highest difference
n the CTE in the direction of extrusion. This could result in
ncreased thermal stresses in the surface between the wall and
he intersection.
The CTE of the extruded honeycombs depend on the orienta-
ion of the single crystals in the extruded honeycomb structure.
ow the behaviour of the square cell structure will be correlated
ith the orientation and the properties of the single crystal with

M
C

Fig. 8. CTE vs. I-ratio.

c = −0.47E−06 1/K and αa = 3.29E−06 1/K8 (see Section 3.1).
hree correlations of the I-ratio and the CTE are known. For an

-ratio of 0, a CTE of αc = −0.47E−06 1/K is expected in the
irection perpendicular to the area measured by XRD. For an
-ratio of 0.75, an average CTE of αav = 2.04E−06 1/K and for
n I-ratio of 1 an CTE of α = 3.29E−06 1/K. A linear correlation
etween these points was assumed as an approximation (Fig. 8).
or the correlation of the CTE in axial direction (Eq. (3)) it was
ssumed that the CTE can be calculated by an average CTE of
he initial cell in the direction perpendicular to areas 1–3. Areas
and 2 were represented each with a wall area and area 3 by the

ntersection area (see Fig. 4)

axial calc = αI-ratio a1 ∗ 1.1+αI-ratio a2 ∗ 1.1+αI-ratio a3 ∗ 0.3

2 ∗ 1.1 + 0.3
(3)

or the correlation of the CTE in radial direction (Eq. (4)) it
as assumed that the CTE was calculated by a weighted sum

or CTEs in a direction perpendicular to areas 4, 5 and an area
or the intersection represented by an assumed I-ratio of 0.82
Fig. 8)

radial calc =

αI-ratio a4 ∗ (1.1/2) + αI-ratio a5 ∗ (1.1/2)

+ αI-ratio 0.82 ∗ (0.3)

0.3 + 1.1
(4)

The correlated and the measured CTEs in axial and radial
irections are presented in Table 7. The CTE in radial direction
s higher than the CTE in axial direction. The correlated CTEs
re approximately two times higher than the measured ones.

change of the calculation principle will have an effect on
Axial Radial

easured CTE (10−6/K) 0.41 1.15
orrelated CTE (10−6/K) 0.80 2.14
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tories. J. Am. Ceram. Soc., 1960, 43(7), 337–343.
ig. 9. (a) SEM picture (×10,000) of the surface of cordierite with microcracks
b) SEM picture (×1000) of the surface of cordierite with microcracks (black
rrows).

ufficiently. There are other factors in the material (e.g. grain
oundaries, microcracks) which have an influence on the CTE.
high density of microcracks (Fig. 9) at the surface and in the

orous structure can cause a smaller CTE and explain a part
f the difference between the measured and the correlated CTE
Table 7). These microcracks occur during the cool down of the
intered body preferentially at points with a high gradient of the
TEs to reduce internal stresses.

Another interesting relation is the ratio αradial/αaxial (Table 7).
or the measured and for the correlated CTEs the ratio is approx-

mately 2.7. That shows an equal effect of the microcracks for
xial and radial direction. A preferred orientation of the micro-
racks would show a different value.

The Young’s modulus of the single crystal has, in contrast to
he CTE, only a difference of 14% between the axial and radial
irections. With the results of Section 3.3 (a preferred orientation
n the extruded structure) it can be concluded that the Young’s

odulus in the direction of extrusion is smaller than in radial
irection. This result is important because the Young’s modulus

annot be measured in the same way like in axial direction. An
xact determination of the Young’s modulus in radial direction
s not possible, but the upper limit can be set with the axial value
lus the difference of 14% to Erad max = 10.7 GPa. The strong

1

1

mic Society 29 (2009) 3113–3119 3119

ifference of the stiffness between the single crystal and the
oneycomb structure is the result of porosity, microcracks and
rain boundaries.

.5. Conclusion

XRD-measurements at different areas in an extruded square
ell structure of cordierite showed a preferred orientation of the
-axis of cordierite crystals parallel to the direction of extrusion.
his confirms the hypothesis of Rasch.1

The distribution of the single crystals has a profound influ-
nce on the CTE. Microcracks decrease the thermal expansion of
ordierite and show the same effect in axial and radial direction.
possible maximum effect is limited by the difference between

he correlated and measured CTEs (approximately times 2 from
5 to 1000 ◦C—Table 7).

The Young’s modulus of a single crystal of cordierite dis-
lays a difference of 14% between the a-axis and c-axis. The
ifference in stiffness in different directions by a preferred ori-
ntation of the single crystals is marginal in comparison to the
TE, pressed specimens with void tubes did not generate valid

esults from UPS measurements.
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