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Abstract

An extensive investigation of the lattice expansion (up to 1200 �C) of porous synthetic cordierite (obtained by firing a mixture of talc,
clay, alumina and silica) was carried out using time-of-flight neutron diffraction at LANSCE, Los Alamos, NM, USA and FNLP,
Dubna, Russia. An extruded rod and several powders, with different particle size (dispersity), were studied, with the aim of monitoring
the variation of the (lattice) micro-strain as a function of temperature and its influence on the microscopic and macroscopic thermal
expansion. Results show a different expansion of the a- and b-axes of the orthorhombic cell (in the rod above 800 �C). While the finest
powder seems to contract more along the c-axis, thus hinting at the presence of smaller stress, the integral peak width increases as a
function of temperature in the intermediate range (300–700 �C). This could be explained by the integrity factor modeling in terms of
micro-cracking. In polycrystalline cordierite, the model implies tension along the a- and b-axes (positive thermal expansion) accompanied
by compression along the c-axis (negative thermal expansion) and a stress release upon cooling, via a thermal micro-cracking mechanism.
The calculations of the cordierite macroscopic thermal expansion having as input crystal axial expansions assumed to be stress-free
allowed us to conclude that even a fine powder (5 lm particle size) cannot be considered completely stress-free. This conclusion is sup-
ported by microstructural observations.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Low thermal expansion ceramics are of great interest for
diverse applications such as environmental emissions
reduction, support for catalytic converters, refractories,
cookware and telecommunications [1]. One of the main
requirements for their practical use is a high thermal shock
resistance [2]. Key factors affecting this resistance, and in
general to the reliability of these ceramics, are the coeffi-
cient of thermal expansion (CTE), the elastic modulus (E)
and the modulus of rupture (MOR) [3]. This class of mate-
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rials, including cordierite, exhibits the following micro-
structural and crystallographic features: (1) they are
porous (to different degrees); (2) they possess strongly
anisotropic single crystal properties, in particular CTE,
and generally have low crystal symmetry); (3) they show
the phenomenon of micro-cracking; (4) they generally pos-
sess morphological and crystallographic texture.

As a typical example, synthetic cordierite obtained by fir-
ing a mixture of talc, clay alumina and silica has crystallites
with a prismatic shape, and sizes of approximately 1 � 3 lm,
with their long axis parallel to the crystal axis c of the ortho-
rhombic cell. They typically organize themselves in (roughly
spherical) domains of about 10–30 lm size, usually having
orientations contained within ±10� (see Ref. [3] and below).
rights reserved.
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Table 1
The phase analysis of the material studied.

Phase Phase analysis (%)

Low cordierite 95+
Spinel 3–5
Alumina 0
Mullite 0
Glass 1–5
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Collections of domains form the polycrystal. Due to the
thermal expansion mismatch and to the misorientation of
the domains, thermal stresses are inevitably generated dur-
ing firing or cooling from the firing temperature. Eventually,
if those stresses exceed a critical value, the domains detach
from each other and microcracks appear.

Recently, the link between micro-cracking and its ori-
gin—the anisotropy of crystal expansion—was modeled
using the concept of the integrity factor [7], applied to dif-
ferent materials.

The lattice expansion has been studied in many systems
[8,9]. In particular, the cordierite lattice expansion has been
studied by several authors in the 1970s and 1980s [4–6,
10–14]. Among these works, only Mirwald [13] and Milberg
and Blair [11] used temperatures up to 1000 �C. Recently,
advanced techniques such as synchrotron radiation have
been used, but the experimental data is still limited to
800 �C [14]. Some of the main conclusions derived from
the previous studies are that the presence of secondary
phases and the crystal chemical composition strongly affect
the bulk thermal expansion properties [4–6].

Neutron diffraction has established itself as a very reli-
able technique for in situ measurements of internal strains
[15,16]. This technique has several advantages: (1) neutrons
uniquely penetrate matter and thus allow bulk investiga-
tions, discarding misleading surface effects; (2) unlike labo-
ratory X-rays, the use of a special sample environment is
not a limitation, for the same reason as in (1) ; (3) new
instrumentation and neutron sources enable short counting
times. In particular, the time-of-flight (ToF) technique
allows all peaks to be detected in a large d-spacing range
and therefore allows the use of Rietveld refinement to
extract the overall cell parameters and the peak widths,
which can be utilized to determine microstructural param-
eters, such as micro-strains.

Moreover, a decisively important advantage of ToF
instruments is that the resolution function is practically con-
stant in a very large d-spacing range. This helps to extract
microstructural parameters with extremely high precision.

This study seeks to use the significant improvements in
diffraction equipment and high-temperature furnaces, to
investigate the effect of different levels of micro-strains in
a typical synthetic porous polycrystalline ceramic such as
cordierite. The lattice expansion for powders of different
particle size (dispersity) has therefore been studied and
referred to a compact sample which is expected to have
the maximum level of micro-cracking and stresses locked
into the microstructure. The results have been modeled
on the basis of the so-called integrity factor model, intro-
duced in Ref. [7].

2. Experimental methods

2.1. Sample preparation and characterization

A cordierite composition produced at Corning Inc., by
extruding and firing a mixture of talc, alumina, clay and sil-
ica, has been used for all investigations (for the composition
and the firing see Refs. [17,18]). Four kinds of samples have
been extracted from a single batch: an extruded rod (diame-
ter 8 mm) and three powder batches ball-milled from the
same rod. The powders were sieved to maximum particle
sizes of 5, 15 and 1000 lm (measured with standard laser dif-
fraction on a coulter counter, Varian). The nominal porosity
of the rod was 48% (determined by mercury porosimetry on
an Autopore 9520 Micromeritics).

The X-ray diffraction phase analysis of the material is
given in Table 1 (see also Refs. [17,18]). Although typically
indialite (or high cordierite) is present, in our case the main
component was found to be low cordierite (with ortho-
rhombic crystalline symmetry). The typical resulting micro-
structure is shown in Fig. 1a. As can be seen, crystallites of
typical size 1 � 1 � 3 lm organize themselves into domains
of approximate size about 10–20 lm. Microcracks creating
during cooling from the firing temperature (>1400 �C) are
also visible (see the white arrows). In spite of the large
domain size, the microstructure stays polycrystalline-like
even in the powder particles, Fig. 1b, which still consist
of a collection of small (misoriented) crystallites.

Neutron diffraction texture analysis, fully reported in
Ref. [19], showed a low level of texture (1.2� random),
with the c-axis oriented along the extrusion direction.

Classical dilatometry was also carried out on an extruded
cellular sample (a square prism of 5 � 5 � 50 mm size) of
exactly the same composition, using a Netzsch DL 402C sin-
gle pushrod dilatometer. A ramp of 10 �C min�1 on both
heating and cooling was used. The macroscopic expansion
is displayed in Fig. 2. It must be noted that some small hys-
teresis occurs, due to the well-known phenomenon of
retarded microcrack opening upon cooling.

2.2. Time-of-flight neutron diffraction

In situ high-temperature neutron diffraction measure-
ments were completed at the Lujan Center at LANSCE,
Los Alamos National Laboratory, NM, USA, using the
engineering diffractometer SMARTS (spectrometer for
materials research at temperature and stress) [20], and at
the IBR-2 Reactor of the Frank Laboratory for Neutron
Physics at the JINR, Dubna, Russia, using the powder dif-
fractometer HRFD (high-resolution Fourier diffractome-
ter) [21].

SMARTS is a second-generation engineering diffraction
instrument, purposely designed and built to measure inter-
nal strains at non-ambient conditions. In the present work
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Fig. 1. (a) The typical microstructure of porous cordierite, as taken on the
rod (the white arrows indicate microcracks, the white line the extrusion
axis). (b) A micrograph of the 15 lm powder. Crystallites are visible in the
particles. Courtesy Cedric Le Goff, Corning SAS, CETC-Avon, France.
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Fig. 2. The macroscopic dilation curve of the synthetic cordierite material
of the present work. Heating and cooling branches are represented.

Fig. 3. The high-temperature furnace on SMARTS, LANSCE, Los
Alamos, NM, USA. The detectors are located towards the top right and
the bottom left corners. The neutron path into the sample and the furnace
is shown for clarity. The diameter of the vessel is about 35 cm.
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we employed the high-temperature vacuum furnace manu-
factured by Materials Research Furnaces. It allows in situ
measurements up to 1800 �C in a stand-alone configura-
tion, or up to 1500 �C when used in combination with
the Instron load frame.

Fig. 3 shows the furnace used for the experiments on
SMARTS. While usually the gauge volume, i.e. the volume
probed by the neutron beam, is defined by the use of two
radial collimators, one for each detector, in our case no col-
limator was used, since the gauge volume is naturally
defined by the sample size and the encumbrance of the fur-
nace does not allow mounting of the collimators.

In the case of SMARTS, neutron diffraction data were
collected as a function of temperature from room temper-
ature (RT) to 1200 �C. Measurements were made every
25 �C and cycles were recorded (heating and cooling). Since
the ToF technique is used at LANSCE, and a large neutron
wavelength spectrum is used as a probe, full pattern Riet-
veld refinement was used to determine the lattice parame-
ters for the orthorhombic (low) cordierite phase, using
the program GSAS [22]. In particular, on SMARTS, the
available d-spacing range is contained between 0.05 and
0.38 nm. The typical counting time for a whole pattern
was about 20 min. Powders were canned in niobium sample
holders, while the rod was mounted vertically on a boron
nitride holder in the middle of the hot zone.

HRFD (High-resolution Fourier diffractometer) is the
ToF correlation neutron spectrometer utilizing the fast Fou-
rier chopper for modulation of the neutron beam intensity
and the reverse time-of-flight (RToF) method for registra-
tion of scattered neutrons [21,23]. This improves the resolu-
tion of the final spectrum to about dd/d � 10�3. The
diffractometer benefits of three detector banks, two in back-
scattering (2h � 150�) and one at 90� (usually used for stress
analysis). The in-house built furnace mounted on HRFD is
shown in Fig. 4. It is capable of reaching 900 �C, but due to
the long counting times (�4 h) needed in our work, the max-
imum temperature has been limited to 800 �C. In the case of
RToF spectra, a special Rietveld refinement program has to
be used, to cope with negative counts, and therefore the pro-
gram MRIAWIN [24] has been used.

3. Results and considerations

3.1. Time-of-flight neutron diffraction data

As mentioned above, the lattice parameters a, b, c

of the orthorhombic low cordierite phase have been



Fig. 4. The high-temperature furnace on HRFD, FNLP, Dubna, Russia.
The height of the furnace section is about 10 cm.

Fig. 5. The lattice evolution in the three crystal directions for the studied
cordierite material: compact rod, 1000 lm and 5 lm particle size powders.
The heating and cooling data are shown by full and hollow symbols,
respectively.
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determined by a Rietveld refinement of the diffraction pat-
terns at each temperature for each sample. They are
shown in Fig. 5.

The values of the lattice parameters were averaged
between detector banks 1 and 2 (collecting signals along
perpendicular scattering vectors), since they should yield
the same results, because of symmetry reasons (as men-
tioned, the rod was mounted vertically). Indeed, the rela-
tive shift between the two detector banks has proven to
be very small.

Although no physical reason holds to give a larger
weight to the room temperature (RT) lattice parameter val-
ues (e.g. the signal-to-noise ratio is not best at RT), the cal-
culation of the dilation (strain) was done assuming the
measured value at RT to be the reference (see Fig. 6), i.e.
we defined the dilation as [d(T) � d(RT)]/d(RT), where d

is the lattice spacing. This procedure only introduces a pos-
sible shift, which does not influence the relative variation of
the strain as a function of temperature.

With the reference lattice parameters, the crystal strains
in all samples and all crystal directions could be calculated
and are reported in Fig. 6.

Fig. 5 shows an essential equivalence among the lattice
parameters of all samples in the a and b directions: it is pos-
sible that the 5 lm powder possesses a lower b-lattice
parameter (as well as some degree of hysteresis) and the
1000 lm powder has a higher a-lattice parameter at low
temperatures (below 600 �C). From both Figs. 5 and 6
we can notice that in all samples the c-axis contracts on
heating and expands on cooling at intermediate tempera-
tures (T < 600 �C). On heating, a distinctive behavior can
be noticed for the c-axis: the lattice parameter change
between RT and 1200 �C is highest in the 5 lm powder,
while the total range of variation of the dilation is highest
in the rod (the dilation parabola looks more concave than
for the other samples).

Moreover, while for the powder samples (1000 and 5 lm
particle size) the basal axes a and b have different lattice
expansion (Fig. 6b and c) throughout the whole tempera-
ture range, for the rod they differ only above 800 �C
(Fig. 6a). Interestingly enough, the heating and cooling
cycles show hysteresis for all cases, possibly with the excep-
tion of the 5 lm powder c-axis and the 1000 lm powder
a-axis. The difference between heating and cooling must
be interpreted in terms of micro-cracking: possibly, the
rod and the 1000 lm powder c-axis cracks and therefore
relaxes stresses, while the a- and b-axes in the 5 lm powder
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Fig. 6. The dilation in the three crystal directions for the studied
cordierite: compact rod (a), 1000 lm (b) and 5 lm (c) particle size
powders. The heating and cooling ramps are shown (thick and thin lines
plus full and hollow symbols, respectively).
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seem to strain in opposite directions upon cooling. This
would imply a phenomenon of load transfer from a to b:
the tensile strain in the b-axis could be generated by excess
micro-cracking along a, which in turn relaxes towards com-
pression (see also the modeling section below).

An alternative view of the results shown in Figs. 5 and 6
can be shown in Table 2, where the CTE a along all crystal
directions are shown for all the samples. We define the
CTE as

a ¼ dðT Þ � dðRTÞ
dðRTÞ � 1

T �RT

While the a-axis seems to expand more in the rod and in
the 5 lm powder than in the 1000 powder, i.e. it holds

a25–1200
arod

� a25–1200
a5 lm

> a25–1200
a1000 lm

the b-axis seems to expand more in the 5 lm powder than
in the rod:

a25–1200
b5 lm

> a25–1200
b1000 lm

� a25–1200
brod

and the c-axis to contracts more in the 5 lm powder than in
the rod:

a25–1200
c1000 lm

P a25–1200
crod

> a25–1200
c5 lm

as well as

a25–750
c1000 lm

> a25–750
c5 lm

P a25–750
crod

From the Rietveld fit, the squared peak width (w2) depen-
dence on the squared d-spacing (or the squared wave-
length) was extracted. In fact, according to the GSAS
manual [22], the peak integral width w is modeled as a
function of d using some coefficients wi, i = 0,2:

w2ðdÞ ¼ w2
0 þ w2

1d2 þ w2
2d4 ð1Þ

The w2
2 term depends on the crystallite size as w2 / 1/D;

therefore, the term in d4 can often be considered negligible,
if the crystals are not nano-sized. Moreover, for nearly all
spectra, the fit yielded w2

2 � 0 and w2
0 � 0 when all three

parameters were let free. Therefore only w1 was taken into
account to represent the integral width. According to clas-
sical diffraction theory (see e.g. the overview in Ref. [25]),
w1 represents a combination of the isotropic contribution
of strain broadening and the instrumental resolution. How-
ever, a plot of the behavior of w1 as a function of T (Fig. 7)
can be a good indicator of the evolution of the intra-gran-
ular stresses [25]. It is indeed interesting that the peak width
parameter w1 for the 5 lm powder has a different behavior
from heating to cooling, while the other two samples do
not show any hysteresis. This confirms that the rod and
the 1000 lm powder behave similarly. Moreover, the inte-
gral peak width of the 5 lm powder has a bell-shaped form,
while for the other two samples it is flatter, and slightly de-
creases with temperature.

3.2. Reverse time-of-flight neutron diffraction data

Fig. 8 shows the neutron diffraction data acquired at
FLNP, Dubna, Russia. There, the same rod and the
15 lm powder were measured. Quite remarkably, the rod
and powder data coincide, in spite of the very small error
bar. This holds basically for all directions, except maybe
for the c-axis, where the powder seems to contract more.
However, little data is available on the powder (up to



Table 2
The CTE between 25 and 1200 �C in the three crystal directions, as
measured at Los Alamos for the compact rod, the 1000 lm and the 5 lm
particle size powders, all in ppm �C�1.

Sample aa (25–1200 �C) ab (25–1200 �C) ac (25–1200 �C)

Rod 3.16 ± 0.06 3.56 ± 0.07 �0.39 ± 0.06
1000 lm Powder 2.96 ± 0.07 3.56 ± 0.08 �0.23 ± 0.07
5 lm Powder 3.20 ± 0.07 3.77 ± 0.07 �0.71 ± 0.07
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600 �C). The a- and b-directions also coincide, as it hap-
pens in the Los Alamos data up to 800 �C.

3.3. Comparison between present and literature results

The overall agreement between the two neutron sources is
very good. For the rod, at Los Alamos b dilates more than a,
but only above 800 �C. Otherwise, the two curves perfectly
match those found at Dubna below 800 �C, where the a-
and b-expansion coincide (Fig. 9a). The c-direction data also
seem to basically coincide in the range of superposition. For
the powders (Fig. 9b), we compared the 15 lm at Dubna to
the 5 lm at Los Alamos: the b-expansions at Dubna and Los
Alamos coincide, while the a-expansion seems to differ
above 500 �C. The different dispersity could explain this
quantitative mismatch, especially because the c-axis also
seems to slightly differ. Both facts call for a different amount
of micro-strains locked in the structure.

In Fig. 10 data from previous works from Milberg and
Blair [11], Hochella et al. [4], and Fischer et al. [10] as
reported in Evans et al. [6], as well as Lee and Pentecost
[26] are superposed to the Los Alamos and Dubna rod
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data. It can be seen that the agreement is very good and the
present data (both neutron sources) agree particularly well
with the work of Milberg and Blair and with the data from
Fischer et al. for the a-axis. Some discrepancies can be seen
with the data collected by Hochella et al. [4]; however, in
that case, the a-axis data show higher expansion and the
c-axis less contraction. This could be due to the fact that
the material used by Hochella contains higher stresses
and/or its chemical composition (Mg-rich in that case) con-
strains the lattice to a larger extent. As mentioned in the
introduction, different cordierite solid solutions have pro-
ven to yield different thermal expansions [4–6].

4. Modeling

From the considerations of the previous section, it turns
out that it is very important to investigate the evolution of
grain strains (also called micro-strains) as a function of
temperature, during both heating and cooling. This is par-
ticularly true when one wants to assess the thermal shock
resistance of brittle materials [2]. As mentioned above, usu-
ally, cooling from the firing temperature creates intergran-
ular cracks (or thermal micro-cracking) in these materials.
Due to the grain anisotropy the axes of high CTE (a and b)
contract on cooling more than the lower CTE axis (c) and
eventually disconnect from the solid domain, so that con-
tribution of the low CTE axis to the bulk (macroscopic)
dilation increases. Crack opening and closure change the
mechanical and thermal behavior of these solids and the
concept of integrity function has been introduced by Efre-
mov [7] to quantify the influence of intergranular cracking
on the CTE of polycrystalline materials with anisotropic
properties. This model basically expands the well-known
Turner formula [27] and enables the evaluation of the
degree of micro-cracking directly from bulk CTE curves
of single phase polycrystalline material such as cordierite,
as measured by conventional macroscopic dilatometry,
for example.

The model [7] defines the macroscopic thermal expan-
sion e as a function of the lattice stress-free thermal expan-
sion (ei), some crystal elastic coefficients (Ei), the i-axis
texture and volume fraction (Vi) contribution, so that the
macroscopic expansion is given by:

e ¼
P

eiV iEixiP
V iEixi

ð2Þ

xi is the mentioned integrity factor, describing the varia-
tion of the i-axis lattice contribution to the bulk properties
due to the amount of thermal micro-cracking. It varies
from 1 (intact state) to 0 (fully microcracked state). By def-
inition the equations
X

V i ¼ 1 and 0 6 xi 6 1 ð3Þ

hold. The summation is carried over all crystal directions.
It can be easily extended to other phases, possibly aniso-
tropic. One can see that the open porosity does not influ-
ence thermal expansion as far as Epores = 0. The
expression of the thermal strain in the range from a refer-
ence temperature Tr to a generic temperature T in terms
of the instantaneous (differential) CTE a(T) is given by

eðT r; T Þ ¼
Z T

T r

aðT ÞdT ð4Þ

We note that all the strains in Eq. (2) are assumed to be
evaluated as referred to the same reference temperature
Tr. The arbitrary choice of Tr does not undermine the con-
clusions we draw regarding the lattice and macroscopic
thermal expansion. However, the value of Tr does influence
the value of grain stresses since it defines the onset of stress
development. For this reasons, any conclusion about the
stress state will be kept qualitative.

For a single-phase material such as cordierite we can
roughly assume the crystal strains along a and b are the
same and the elastic coefficients are the same for all three
axes (see also Ref. [28]). Consequently, the evaluation of
the integrity factor in the a- and b-axes from the crystal
stress-free data and the macroscopic dilation data is given
by (Eq. (2)):

xa ¼
�V c

1� V c
� ec � e
ea � e

ð5Þ

Taking the experimental lattice data from the previous sec-
tion as stress-free lattice expansions, we can calculate
the macroscopic dilation curve for ideally intact, i.e.
non-micro-cracked, cordierite materials (called IC in the
following). Then, we can compare them to the macroscopic
experimental dilation taken upon cooling (Fig. 2).

To achieve this goal, for the sake of simplicity we first
performed a polynomial fit of the lattice and macroscopic
dilation data (second- and fourth-order polynomial,
respectively) and used the obtained coefficients in the calcu-
lations, Eq. (2) (collected in Tables 3 and 4).

The macroscopic expansion (upon cooling) of an ideally
intact cordierite was then calculated from Eq. (5), using the
following conditions:

– assuming xi = 1 for all i (intact material),
– taking Vc = 0.46 (derived from the macroscopic dilation

curve derivative at 1200 �C),
– assuming Tr = 1200 �C.

Each of the lattice dataset has been taken as a reference
in order to test its suitability to represent a stress-free state
of the material. In this way, different curves have been
obtained, indicated in Fig. 11 as IC with the corresponding
stress-free dataset. The integrity factor for the crystal direc-
tions a and b, using the different lattice data as stress-free,
is shown in Fig. 12.

One can observe a mismatch among all simulated curves
as well as between those and the experimental data. The
latter mismatch is due to micro-cracking: the measured
macroscopic dilation does contain the contribution of
micro-cracking, which is deliberately neglected in the



Table 3
Coefficients of lattice parameter (Å) and cell volume data parabolic fit Y = c0 + c1 � T + c2 � T2, where T is temperature (in �C).

Sample c0 c1 c2 R2 N, points

a (nm) 5 lm 1.7069 2.52 � 10�6 1.88 � 10�9 0.988 21
15 lm 1.7071 3.99 � 10�6 2.06 � 10�9 0.974 5
1000 lm 1.7063 3.09 � 10�6 1.74 � 10�9 0.994 21
Rod 1.7058 4.66 � 10�6 1.06 � 10�9 0.997 22

b (nm) 5 lm 0.9721 2.61 � 10�6 1.28 � 10�9 0.995 21
15 lm 0.9734 1.62 � 10�6 1.85 � 10�9 0.994 5
1000 lm 0.9722 3.05 � 10�6 8.21 � 10�10 0.998 21
Rod 0.9721 3.40 � 10�6 6.70 � 10�10 0.997 22

c (nm) 5 lm 0.9348 �2.51 � 10�6 1.37 � 10�9 0.979 21
15 lm 0.9354 �2.65 � 10�6 1.33 � 10�9 0.995 5
1000 lm 0.9341 �2.31 � 10�6 1.39 � 10�9 0.961 21
Rod 0.9342 �3.13 � 10�6 2.22 � 10�9 0.935 22

Volume (nm3) 5 lm 1.551 2.27 � 10�6 6.03 � 10�9 0.993 21
15 lm 1.554 1.81 � 10�6 7.03 � 10�9 0.990 5
1000 lm 1.550 3.82 � 10�6 5.22 � 10�9 0.997 21
Rod 1.549 4.43 � 10�6 5.74 � 10�9 0.998 22

Table 4
Coefficients of microscopic dilation fourth-order polynomial fit Y = c0 + c1 � T + c2 � T2 + c3 � T3 + c4 � T4, where T is temperature (in �C).

Cellular sample c0 c1 c2 c3 c4 R2 N

Bulk 1.54 � 10�5 �1.24 � 10�5 4.28 � 10�9 �3.38 � 10�12 1.25 � 10�15 0.9999 54

Temperature (ºC) 

Experimental Data (Macro)
IC with 5 µm lattice data  

IC with 15 µm lattice data  

IC with 1000 µm lattice data  

IC with lattice rod data
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Fig. 11. Macroscopic dilation of the investigated cordierite material (bold
line, cooling branch), see Fig. 2, compared with other dilation curves
calculated for an ideal (microcrack-free) intact cordierite (IC) using the
corresponding lattice data.
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Fig. 12. The integrity factor calculated with Eq. (5), using the input of the
different lattice datasets.
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simulated curves. In fact, Fig. 11 shows that the experiment
and the simulations are close at high temperatures and
deviate at lower temperatures: expectedly, there is no
micro-cracking at high temperature but a decrease of the
integrity factor occurs on cooling (Fig. 12).
5. Discussion

Looking at Fig. 11, we see that the 15 and 5 lm powder
lattice data yield similar macroscopic expansion curves,
which lie slightly below the measured dilation. On the other
hand, the 1000 lm powder and rod lattice data yield very
different calculated dilations. Moreover, Table 2 and
Fig. 7 show that the 5 lm powder has the highest difference
between the a- (or b-) and c-expansion. This means that the
stress state in the finest powder is the most relaxed, and the
c-axis is truly contracting.
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Both facts imply that the 15 and 5 lm powders are good
candidates as reference materials, while the 1000 lm pow-
der and the rod are not at all suitable as stress-free materi-
als. In fact, lattice data should correspond to the same
material properties, since the crystal composition, crystal-
lite size, etc., are the same for all samples. What yields to
different calculated dilations is then the amount of residual
micro-stresses carried by each sample. Possibly, defects
induced by the stresses themselves and by sample prepara-
tion (e.g. grinding) could also play a role. Those factors are
able to strongly influence the deviation of the measured lat-
tice data from the intrinsic stress-free lattice parameter val-
ues and explain why the simulated data mismatch the
experimental dilation curve (Fig. 11).

Furthermore, following the model set forth above, we
could calculate the average lattice stress ri in each crystal
direction i of a polycrystalline material (i = a, b, c) by the
simple relationship

ri ¼ ðe� eiÞ � Ei � xi ð6Þ

Ei are the elastic coefficients, proportional to the elastic
constants that can be extracted from Toohill et al. [28].
Upon inserting the stress balance equation

P
riV i ¼ 0

[27] in Eq. (6) we obtain again Eq. (2).
Eq. (6) shows that for cordierite the principal stress in

the a- and b-directions are tensile and that in the c-direction
is compressive. The calculation of the temperature-depen-
dent stresses using Eq. (6) and the lattice data as stress-free
parameters would yield to the paradox that stresses in the
rod are smaller than those in the powders. This contradic-
tion again points out that the rod lattice data are the fur-
thest from the stress-free state and they therefore lead to
a gross underestimation of the internal micro-stress.

It is, however, not possible, from the present results, to
state that the 5 lm particle size powder is a stress-free
material. In fact, several experimental evidences and calcu-
lation results point to the fact that even 15 or the 5 lm par-
ticles possess some strain inhomogeneity.

1. The integrity factor of the 5 lm powder, extracted from
Eq. (2) and shown in Fig. 12, tells us that some micro-
crack development occurs upon cooling at temperatures
below 1000 �C. This is an indicator that some micro-
stress relaxes.

2. The microstructure of the 15 lm powder (Fig. 1b) is a
collection of small crystallites and shows all characteris-
tics of a polycrystalline aggregate, analogous to bulk
materials. Therefore, the thermal expansion mismatch
between the crystal axes of different grains would play
a similar role to bulk materials in the onset of stress.

3. The integral peak width of the 5 lm powder is larger than
that of the 1000 lm powder and of the rod in the temper-
ature range between 900 �C and RT (see Fig. 7). As men-
tioned before, this cannot be explained by a domain size
effect, which would take place only if the domain size is
D 6 150 nm, while we have much larger crystallite sizes.
Rather, the results of Fig. 7 imply that the micro-strain
level in this powder is still detectable. This could be
related to a higher level of damage of the crystal structure
in the fine powders than in coarse powder and in the rod.

One would expect the lattice to be stress-free in two
extreme cases: (1) at very high temperature, say close to
the firing temperature, and (2) at very low temperature,
when micro-cracking releases all the stresses. In between,
stressed non-cracked grains coexist with relaxed cracked
grains. The coexistence of the two states of stress effectively
increases the width of the diffraction peak and this explains
the maximum of the integral width at intermediate temper-
atures for the 5 lm sample.

6. Conclusions

In this work the lattice expansion of cordierite has been
measured by ToF and by reverse ToF neutron diffraction
along the three crystal axes of low cordierite (orthorhom-
bic) unit cell. Four samples were chosen: three powders,
with different mean particle size (5, 15 and 1000 lm) plus
a compact rod. All samples show different expansions
along a and b crystal axes, at high temperature, but have
equivalent a- and b-expansion behavior below 800 �C.
The contraction of the c-axis is very well reproduced at
the two neutron sources. Some quantitative (but small) dis-
crepancies are present for the powder samples in all direc-
tions: in particular, when comparing the 5 and 15 lm
powders measured at Los Alamos and Dubna, respectively,
the a- and c-axes seem not to match perfectly. This is cer-
tainly an indication that different particle sizes carry differ-
ent internal micro-strains. The c-axis contraction is more
pronounced in the 5 lm powder and smaller in the rod
and the 1000 lm powder, consistent with an increasing
amount of constraints (i.e. stress) in the latter.

With the lattice data at hand, modeling of the macro-
scopic dilation of the correspondent intact (non-micro-
cracked) material could be done and of the so-called
integrity factor model was applied to all samples. This
allowed the observation of the onset of micro-cracking
and calculation of the grain stresses. While the latter indi-
rectly shows that the compact rod is more constrained than
the powders, especially in the temperature range from 1000
to 200 �C, the integrity factor also shows that the 5 lm
powder cannot be considered as a stress-free reference.
These theoretical results are well confirmed by the micro-
structure of the powder and by the behavior of the peak
width as a function of temperature: the 5 lm powder shows
a bell-shaped integral width as a function of temperature,
indicating an onset of micro-strains at high temperature
and a relaxation at low temperatures.
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