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bstract

he effect of Ti4+, Cr3+ or Ga3+ doping on thermal expansion of 3:2 mullite was examined from 20 ◦C to 1400 ◦C by high temperature XRD
sing synchrotron radiation. The room temperature mullite lattice expanded with metal-ion incorporation and the change in the b-axis was
arger than that along the a-axis (�b > �a) for all ion types. Upon heating, the largest elongation was along the b-axis (�b/bRT) and was sim-
lar to that in the pure mullite (∼0.5%). Least expansion was observed along the a-axis (0.28% ≤ �a/aRT ≤ 0.41%). The thermal expansion
f mullite was not constant in the temperature range from 20 ◦C to 1400 ◦C, and had a linear dependence on temperature (α(T) = A + A �T).
0 1

he αmean values increased with temperature (20 ◦C ≤ T ≤ 1000 ◦C), but were always within 3.0–6.7. Cr3+ and Ga3+ doping decreased the
nisotropy in mullite lattice expansion, however, Ti4+ doping showed a sharp increase. Trends associated with type and the quantity of dopant are
iscussed.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Mullite is an important material in ceramic science and tech-
ology. Research on this material system, which spans well
ver a century including several studies being reported in recent
ears, highlight the significance of this material for both conven-
ional and advanced ceramic applications.1,2 Mullite is a strong
andidate for advanced structural applications at high tempera-
ures, because it has a high melting point, good creep resistance,
uperior high temperature strength, low thermal expansion,
utstanding thermal shock resistance and displays exceptional
hemical stability under harsh chemical environments. Amongst
he several potential applications envisaged for mullite and mul-
ite composites are thermal and environmental barrier coatings
or aircraft and gas turbine engines, efficient catalytic converters,

iln furniture, hot gas filters, etc.

Mullite, described as substituted alumina by Cameron,3

elongs to the family of aluminosilicates which can be rep-
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esented by the general formula (Al2[Al2 + 2xSi2 − 2x]O10 − x),
here x (0.18 ≤ x ≤ 0.88) denotes the number of missing oxygen

toms per average unit cell.4 The 3:2 mullite (for x = 0.25), i.e.
l2[Al2.5Si1.5]O9.75, is considered to be the most stable phase

mongst others (2:1 mullite for x = 0.40; 3:1 mullite for x = 0.57).
he structure of mullite consists of chains of edge-sharing AlO6
ctahedra oriented parallel to the crystallographic c-axis. These
hains of octahedra are separated by (Si, Al)O4 tetrahedra in
n alternating sequence, forming double chains parallel to the
-axis.2,5–9

The 3:2 mullite has a highly stable open structure
TMelt = 1828 ± 10 ◦C)10,11 and it can accommodate a variety
f transition metal ions into its structure as a solid solution.2

uch solid solutions can result in desirable improvements in
hysical properties such as thermal expansion behavior, elec-
rical resistivity, etc. For example, incorporation of Mn2+, Fe3+,
r3+, or Ti4+ ions was shown to decrease electrical resistivity by

wo orders of magnitude at room temperature.12 Similarly, ther-
al expansion behavior was altered by incorporation of Cr3+
nd Fe3+ cations.13,14 Several studies have been reported on
he incorporation of metal-ion dopants in mullite.12,15–27 From
hese studies it has been concluded that the mullite structure
an incorporate differing amounts of ions, and that the limit of

mailto:kriven@uiuc.edu
dx.doi.org/10.1016/j.jeurceramsoc.2007.03.002
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Table 1
Thermal expansion coefficients reported in literature for various types of metal-ion doped 3:2 mullite samples

Wt.% dopant oxide Thermal expansion coefficients (×10−6) Temperature range (◦C)

αa αb αc Mean αa

Mullite 0 4.1 6.0 5.7 5.3 300–100013

3.9 7.0 5.8 5.6 300–90014

6.8 9.3 6.3 7.5 1000–160013

5.4 7.1 6.5 6.3 800–13002

5.3 10.4 5.9 7.2 1300–16002

Cr–mullite 11.5 3.6 5.9 5.2 4.9 300–100013

3.1 6.2 5.6 5.0 300–90014

5.8 11.0 6.1 7.6 1000–160013

d
r
t
c
a
v
o

∼
1
t
a
S
t
r
u
c
s

t
s
d
C
s
o
s
p
b
c
c
t
a

2

r
o
t
o
t

a
a
t

2

t
F
s
s
a
a
f
s
t
t
t
t
l
A
i
t
s
of tetrahedral Si by Al for charge compensation. There-
fore, in the case of Cr- and Ga-doped mullite samples, the
amount of Al3+ was proportionally reduced. However, in the
case of Ti-doped mullites, the amount of Si4+ was proportion-

Table 2
Ionic radii,44,45 valence state and electronic configuration of (a) cations present
in the 3: 2 mullite, and (b) transition metal ions identified for this study

Element Valence Electron
configuration

Ionic radii (pm)

Tetrahedral sites Octahedral sites

Al 3+ 2p6 39.00 53.50
a Mean α = (αa + αb + αc)/3.

opant ion incorporation depends on synthesis conditions, ionic
adii and the oxidation states of transition metal ions.2,28 While
he highest degrees of incorporation were observed for trivalent
ations such as V3+, Cr3+ and Fe3+ (approximately 11–13 wt.%
s oxides) followed by Ti4+, and V4+ (2–6 wt.% as oxides), only
ery low amounts of Mn2+, Fe2+ and Co2+ ions (<1 wt.% as
xides) entered the mullite structure.2,15,19,20,23,28,29

Mullites display low and non-linear thermal expansion below
300 ◦C; and larger linear expansion between 300 ◦C and

000 ◦C. Beyond 1000 ◦C, up to 1300 ◦C, an observed discon-
inuity in thermal expansion behavior has been attributed to

phase transformation, but is not completely understood.2,30

chneider and Eberhard,14 and later Brunauer et al.13 showed
hat incorporation of Cr3+ and Fe3+ (11.5 wt.% and 10.3 wt.%,
espectively) in mullite resulted in a decrease in thermal vol-
me expansion. Table 1 summarizes the thermal expansion
oefficients of mullite and metal-ion doped mullites known
o far.

The objective of this study was to systematically investigate
he effect of transition metal-ion dopants on thermal expan-
ion properties of mullite, up to 1400 ◦C in air. Three metal-ion
opants were evaluated in this study, and they included Ti4+,
r3+, and Ga3+. Variation of thermal expansion behavior was

tudied as a function of both the type and the concentration
f transition metal-ion dopant incorporated into the mullite
tructure. All measurements were conducted on powder sam-
les (synthesized using co-precipitation methods), and studied
y high temperature X-ray diffraction (HTXRD) using syn-
hrotron radiation. Temperature dependent thermal expansion
oefficients were determined for each crystallographic axis of
he orthorhombic mullite structure based on careful statistical
nalysis.

. Materials and methods

The selection of candidate transition metal ions for incorpo-
ation in the mullite structure was made after thorough screening

f the existing literature. Primary criterion for the choice of a
ransition metal-ion dopant was the similarity in ionic size in an
ctahedral field of O2− anions. The ions were selected such that
he effect of oxidation state and electronic configuration could

S
T
C
G

lso be evaluated. Based on the above guidelines, Ti4+, Cr3+,
nd Ga3+ were identified (see Table 2) as suitable candidates for
his study.

.1. Synthesis of metal-ion doped mullite powders

Powder samples of transition metal-ion doped mullite sys-
ems were synthesized by co-precipitation methods as shown in
ig. 1. While Ti-doped mullite samples were synthesized by the
ol–gel method, Cr- and Ga-doped mullite samples were synthe-
ized by the organic steric entrapment method using polyvinyl
lcohol (PVA) as the steric agent. Both of these syntheses routes
llow for mixing of cations at a molecular level and were there-
ore preferred over reaction sintering methods. Samples were
ynthesized to cover a large range of dopant ion concentra-
ion, up to the solubility limits of the respective metal-ions in
he mullite structure, as reported in the literature. Moreover,
he composition of the doped 3:2 mullite samples was propor-
ionally altered taking into consideration the crystallographic
ocation occupied by the metal ion in the mullite structure.28

ll the selected metal ions are believed to substitute for Al3+

n the AlO6 octahedra, although, Cr3+ can also occupy intersti-
ial sites.23 In addition, the incorporation of Ti4+ at the Al3+

ite in the oxygen octahedra further necessitates substitution
4+ 3+ 28
i 4+ 2p6 26.00 40.00
i 4+ 3p6 42.00 60.50
r 3+ 3d3 – 61.50
a 3+ 3d10 47.00 62.00
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Fig. 1. Flow chart for synthesis of the m

lly reduced in order to retain the overall 3:2 mullite compo-
ition.

Ti-doped mullite sols were prepared using aluminum nitrate
Al(NO3)3·9H2O), tetraethyl orthosilicate (Si[OC2H5]4, or
EOS), and titanium ethoxide (Ti[OC2H5]4). All chemicals
ere from Aldrich Chemical Company, Milwaukee, WI. The

hemicals were first dissolved in ethanol in the desired
roportions, and this was followed by hydrolysis and a con-
ensation reaction by slow addition of ammonium hydroxide
NH4OH) solution. The solution was constantly stirred up to
elation. The resultant gel was dried in an oven at 70 ◦C
or 48 h before calcination at 1000 ◦C for 1 h. The cal-
ined powder was further heat treated at 1300 ◦C for 2 h for
omplete crystallization. In addition to Ti-doped mullite sam-
les, pure 3:2 mullite was also synthesized using the sol–gel
ethod.
Cr- and Ga-doped mullite powders were prepared by the

rganic steric entrapment method using PVA as the steric
gent.11,31–36 A 5 wt.% PVA solution was prepared by dissolv-
ng partially hydrolyzed PVA powder (Celvol 205S, Celanese
orporation, Pasadena, TX) in deionized water, stirring contin-
ously for over 24 h. Al(NO3)3·9H2O and Ludox SK (25 wt.%
iO2 colloidal solution, Dupont Chemicals) were used as
ources of aluminum and silicon, respectively. Chromium nitrate
onahydrate (Cr(NO3)3·9H2O) and gallium nitrate nonahydrate
Ga(NO3)3·9H2O), both from Aldrich Chemical Company (Mil-

aukee, WI), were used as starting chemicals for the chromium

nd gallium additions, respectively. Three different composi-
ions of Cr-doped mullites and five compositions of Ga-doped

ullites were synthesized (see Table 3). The nitrate salts were

s
l
t
g

ion doped 3:2 mullite sample powders.

issolved in deionized water, followed by addition of Ludox
olution. PVA solution was then added to the clear solution and
tirring was continued for a further 1 h. The solution was then
eated to evaporate water, and the resultant resin was then dried
vernight at 110 ◦C. The dried mass was crushed using a mor-
ar and pestle, calcined and crystallized at 1000 ◦C for 1 h and
t 1300 ◦C for 2 h, respectively. The powder obtained was then
ttrition milled for 1 h, followed by further heat treatment at
500 ◦C to ensure complete incorporation of the dopant ion into
he mullite structure.

The chemical composition of sample powders was confirmed
y energy dispersive spectroscopy (EDS) using the JEOL JSM-
060LV scanning electron microscope (SEM) (JEOL USA Inc.,
eabody, MA, USA). The results are presented in Table 3. The
rystalline content of the sample powders was verified by X-
ay diffraction (Rigaku D-MaxII X-ray diffractometer, Rigaku,
anvers, USA).

.2. In situ high temperature synchrotron diffraction
xperiment

High temperature X-ray diffraction is a powerful technique
or measurement of physical properties such as thermal expan-
ions and phase transformations, of ceramic materials. Using
his technique, it is possible to determine the crystal structure
f the material as a function of temperature, and thus study

tructural mechanisms that dominate both normal and anoma-
ous expansion behavior. This method permits evaluation of
hermal expansion of polycrystalline materials using crystallo-
raphic information and is not limited by microstructural flaws
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Table 3
Composition of samples measured using SEM/EDS

Metal-ion Sample ID x y Al Si Mol% dopant cation Al/Si Oxide ratio in wt.% (Al2O3:SiO2)

Mullite M-0 0.00 0.00 5.65 2.00 0.00 2.83 70.6:29.4

Metal-ion Sample ID x y Al Si Mol% dopant cation Al/(Si + M) Oxide ratio in wt.% (Al2O3:SiO2:TiO2)

Ti
Ti-1 0.00 0.15 5.72 1.85 1.93 2.86 70.4:26.8:2.9
Ti-2 0.00 0.24 5.50 1.76 3.13 2.75 69.2:26.1:4.6
Ti-3 0.00 0.34 5.61 1.66 4.53 2.81 69.3:24.0:6.7

Metal-ion Sample ID x y Al Si Mol% dopant cation (Al + M)/Si Oxide ratio in wt.% (Al2O3:SiO2:Cr2O3)

Cr
Cr-1 0.17 0.00 5.40 2.00 2.30 2.78 67.4:29.4:3.2
Cr-2 0.55 0.00 5.35 2.00 6.96 2.95 62.8:27.6:9.6
Cr-3 0.94 0.00 5.08 2.00 11.76 3.01 57.5:26.6:15.9

Metal-ion Sample ID x y Al Si Mol% dopant cation (Al + M)/Si Oxide ratio in wt.% (Al2O3:SiO2:Ga2O3)

Ga

Ga-1 0.11 0.00 6.18 2.00 1.29 3.14 70.8:27.7:2.2
Ga-2 0.26 0.00 5.45 2.00 3.35 2.85 65.9:28.4:5.7
Ga-3 0.34 0.00 5.08 2.00 4.62 2.71 63.0:29.2:7.8
Ga-4 0.46 0.00 5.37 2.00 5.82 2.91 62.7:27.5:9.8
Ga-5 0.78 0.00 5.98 2.00 8.90 3.38 61.2:24.1:14.7

The general formula for 3:2 mullite is Al6 − xMx + ySi2 − yO13, where M = Ti, Cr, or Ga. Mol% dopant cation = [(moles of dopant cation)/(total number of moles of
c
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ations)] × 100.

uch as porosity or presence of a secondary phase, which can
ompromise measurements made using other methods such as
ilatometry.

In this study, the thermal expansion behavior of mullite and
etal-ion doped mullite powder samples were evaluated using

n situ high resolution X-ray diffraction (XRD) up to 1400 ◦C,
n air. All measurements were conducted at the UNICAT beam
ine (33BMC) at the Advanced Photon Source (APS) at Argonne
ational Laboratory, Argonne, IL.
In a typical HTXRD experiment, powder specimens were

eated, and the crystal structural changes were simultaneously
ecorded as XRD patterns. Powder specimens were mounted in
.3 mm diameter fused quartz capillary (Charles Supper Com-
any, Natick, MA, USA) and heated using a quadrupole lamp
urnace (QLF).37,38 The QLF is a radiation heating furnace,
nd can be used to conduct HTXRD investigations of ceram-
cs in air up to 2000 ◦C in air.37,38 XRD patterns were acquired
t high temperatures over the range of 2–35◦ in 2θ, using
he newly designed one-dimensional curved image plate (CIP)
etector. The details of the construction, operation and capabil-
ties of the CIP detector are reported elsewhere.39,40 The CIP
etector was aligned and calibrated using a Si(1 1 1) analyzer
rystal and the LaB6 powder standard for XRD (SRM 660a,
ational Institute of Standards and Technology, Gaithersburg,
D). Incident monochromatic X-rays of two different wave-

engths, 0.550784 Å and 0.563084 Å, as calibrated with SRM
60a, were used in this work.

X-ray diffraction patterns were acquired in transmission

eometry in steps of ∼100 ◦C, from room temperature up
o ∼1400 ◦C. Fine Pt powder (0.15–0.45 �m, 99.999% pure,
ldrich, Milwaukee, WI) was mixed with the mullite powder

pecimens as an internal standard (approximately 5 wt.% Pt)

t
s
c
t

o determine specimen temperature.37,38 In order to maximize
andomization of the crystallites the capillary specimens were
otated at 60 rpm.

The HTXRD patterns were subsequently analyzed by the
ietveld method41 using the JADE software (Materials Data

nc., Livermore, CA, USA) to extract the crystallographic infor-
ation as a function of temperature. The starting structural

arameters and details of the prototype mullite structure were
erived from Balzar and Ledbetter,42 included as reference
attern # 74008 in the Inorganic Crystal Structure Database
NIST, Gaithersburgh, MD, USA; Fachinformationszentrum
FIZ), Karlsruhe, Germany), and are listed in Table 4. Since the
bjective of this study was to comprehend the thermal expansion
ehavior of doped mullite systems, only lattice parameters and
rofile function parameters of the prototype mullite structure
ere refined. Refinement of crystallographic site occupancies,

nd incorporation of metal-ion dopant in the mullite structure for
omplete structural analysis was considered beyond the scope
f this work, and will be presented separately in a forthcoming
ublication.

.3. Determination of thermal expansion coefficients

The temperature dependent evolution of lattice constants of
he mullite and metal-ion doped mullite structures was used
o determine thermal expansion coefficients along the differ-
nt crystallographic axes. Often simple linear relationships are
nsufficient to describe thermal expansion over a wide tempera-

ure range, as is the case with mullite.2 In such instances, a power
eries consisting of terms in �T, (�T)2 and higher order terms
an be used to describe this thermal expansion over extended
emperature ranges.43 Therefore, the thermal expansion coeffi-
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Table 4
Starting structure parameters42 for analysis of crystallographic expansion of metal-ion doped mullite lattice by Rietveld refinement

Atom No. Oxidation state Wyckoff position x y z Occupancy

Al 1 3 2a 0 0 0 1
Al 2 3 4h 0.1485 (1) 0.3407 (1) 0.5 0.525 (2)
Si 1 4 4h 0.1485 (1) 0.3407 (1) 0.5 0.342 (2)
Al 3 3 4h 0.2610 (7) 0.2073 (7) 0.5 0.100 (2)
Si 2 4 4h 0.2610 (7) 0.2073 (7) 0.5 0.033 (2)
O 1 −2 4h 0.3577 (2) 0.4235 (2) 0.5 1
O 2 −2 2d 0.5 0 0.5 0.475 (10)
O 3 −2 4h 0.4635 (20) 0.0465 (18) 0.5 0.198 (6)
O
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lattice expansion was observed along the ‘b’ and ‘c’ cell edges,
and increased with concentration of dopant ion. In the case of
the ‘a’ cell edge, however, all doped mullite samples displayed
4 −2 4g

ompound: Al2(Al2.5Si1.5)O9.75; crystal symmetry, orthorhombic; S.G., Pbam(

ient, αn along ‘nth’ axis can be defined as:

n = 1

ln

dln

dT
= An,0 + An,1(T ) + An,2(T 2) (1)

here n denotes the crystallographic axes ‘a’, ‘b’ or ‘c’, l the
attice constant along the nth axis, and T is the temperature. Eq.
1) can be integrated over a temperature range as below:

ln,T

ln,T0

dln

ln
=

∫ T

T0

(An,0 + An,1(T ) + An,2(T 2)) dT (2)

hich further yields:

n ln,T = ln ln,T0 + An,0(T − T0)

+ 1

2
An,1(T − T0)2 + 1

3
An,2(T − T0)3 (3)

here ln,T and ln,T0 are the measured lattice constants along
he nth axis at temperatures T and T0, respectively. The experi-
entally measured, temperature dependent evolution of lattice

onstants was fitted with Eq. (3) for the entire range of tem-
eratures, by non-linear least squares routines, to determine the
oefficients An,0, An,1, and An,2. T0 for our study was taken as
oom temperature, i.e. 20 ◦C.

HTXRD patterns were acquired for each doped mullite spec-
men powder at approximately 100 ◦C steps, starting from room
emperature up to 1400 ◦C. Considering the finite number of
ata points available for fitting in each dataset, and the 3rd order
ature of Eq. (3), care was taken to avoid over parameterization.
herefore, each dataset was also fitted with 1st and 2nd order

orms of Eq. (3), by setting the coefficients of higher order terms
o zero. The best fit was the lowest order polynomial form of Eq.
3) which (a) resulted in minimization of residuals, (b) showed
random distribution of residual values, and (c) had reasonable
rror in the values of the coefficients.

. Results and discussion

.1. Effect of dopant ion on mullite structure
X-ray diffraction studies confirmed that mullite was the only
rystalline phase present in all metal-ion doped mullite pow-
er samples synthesized in this study. This indicated that a true
olid solution had been formed. High-resolution XRD patterns

F
i

0.1265 (2) 0.2197 (2) 0 1

nit cell: a = 7.54336 Å; b = 7.69176 Å; c = 2.88402 Å; α = β = γ = 90◦.

ere also acquired at room temperature using the CIP detector at
he 33BMC beamline at APS. Lattice constants for each sample
ere determined by the Rietveld refinement using pure mullite

see Table 4) as the prototype structure. As stated earlier, atomic
ositions and site occupancies were not refined. The results are
resented in Table 5, and the change in unit cell volume with con-
entration of dopant ions is shown in Fig. 2. The unit cell volume
ncreased with increasing concentration of metal-ion dopants.
imilar volume expansion behavior was observed for Ti- and Cr-
oped samples, while Ga-doped mullites showed considerably
arger expansions at higher concentrations.

Changes in lattice constants induced by metal-ion incorpora-
ion are also tabulated separately (Table 6) to highlight both the
bsolute and relative changes in lattice constants, with respect
o pure mullite structure. Regardless of the type of metal-ion,
ig. 2. Variation of unit cell volumes at room temperature with different metal-
on dopants concentrations.
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Table 5
Room temperature (20 ◦C) lattice constants for various metal-ion doped 3:2 mullites

Phase or dopant Sample ID Mol% dopant cation Lattice constants (LC) in Å

a b c

Mullite M-0 0 7.56563 (11) 7.69505 (12) 2.88711 (4)

Ti
Ti-1 1.93 7.56388 (23) 7.70086 (25) 2.88940 (8)
Ti-2 3.13 7.56605 (11) 7.70358 (12) 2.89204 (4)
Ti-3 4.53 7.56627 (26) 7.70662 (29) 2.89361 (9)

Cr
Cr-1 2.30 7.56377 (6) 7.70422 (7) 2.89063 (2)
Cr-2 6.96 7.56990 (5) 7.71032 (6) 2.89641 (2)
Cr-3 11.76 7.57037 (5) 7.71520 (6) 2.90071 (2)

G

Ga-1 1.29 7.55817 (5) 7.70804 (6) 2.88914 (2)
Ga-2 3.35 7.56400 (5) 7.71443 (5) 2.89106 (2)
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a Ga-3 4.62
Ga-4 5.82
Ga-5 8.90

ontraction at lower dopant-ion concentrations (samples Ti-1,
r-1, Ga-1 and Ga-2). Comparable expansion was observed
long c-axis for all dopant ions. However, Ga-doped samples
howed substantially higher expansion along a- and b-axes.

ith respect to pure mullite phase, the largest absolute change
bserved in lattice constants was along the ‘b’ cell edge for all the
etal-ion doped samples. The overall trend observed in absolute

hange in lattice constants (w.r.t. pure mullite) was similar for
i- and Cr-doped samples (i.e. �b > �c > �a). A similar trend
as observed in Ga-1 and Ga-2 samples, however, for samples
ith higher concentrations of Ga, �a was larger than �c. The
nit cell constants for the a- and b-axes have comparable values,
hile the ‘c’ cell edge is less than half the size of the ‘a’ or ‘b’

ell edges. Therefore, relative changes in unit cell parameters

re useful in understanding the impact of metal ion dopant on
he mullite structure. The relative effect of Ti- and Cr-ion incor-
oration on the mullite structure was similar, with the observed
rend being �c > �b > �a. However, Ga-doping resulted in a

o
t
f

able 6
hange in room temperature (20 ◦C) lattice constants observed for metal-ion doped 3

ample ID Mol% dopant cation Observed trend in absolute
changea in LC w.r.t. mullite

i-1 1.93 �b > �c > �ac

i-2 3.13 �b > �c > �a
i-3 4.53 �b > �c > �a

r-1 2.30 �b > �c > �ac

r-2 6.96 �b > �c > �a
r-3 11.76 �b > �c > �a

a-1 1.29 �b > �c > �ac

a-2 3.35 �b > �c > �ac

a-3 4.62 �b > �a > �c
a-4 5.82 �b > �a > �c
a-5 8.90 �b > �a > �c

a Absolute changes in LC are: �a = (a − a0); �b = (b − b0); �c = (c − c0); where
able 5).
b Relative changes in LC are: �a = (a − a0)/a0; �b = (b − b0)/b0; �c = (c − c0)/c0;

rom Table 5).
c These values were negative.
7.57332 (5) 7.71960 (5) 2.89312 (2)
7.57628 (5) 7.72605 (5) 2.89463 (2)
7.58440 (4) 7.72533 (5) 2.89546 (2)

arger (relative) change along the b-axis than the c-axis, with the
rend being �b > �c > �a.

Literature on the incorporation of metal-ion dopants in the
ullite structure was recently summarized by Schneider and
omarneni.2 According to past reports, up to 12 wt.% Cr2O3
ould be incorporated into mullite.20,23,29 In this study, up to
5.9 wt.% Cr2O3 was successfully incorporated in mullite. We
elieve that this was achievable primarily due to the more effi-
ient mixing at molecular levels afforded by the co-precipitation
ethod (PVA steric entrapment method) used for sample syn-

hesis in this study. Prior studies have used reaction-sintering
ethods to prepare Cr-doped mullite samples, which are prone

o incomplete mixing, since it has to be achieved in the solid
tate during prolonged annealing.
It has been stated that the relatively large cation sizes and high
ctahedral, but lower tetragonal, crystal field splitting parame-
ers of most transition metal ions may explain their preference
or octahedral coordination.28 All the metal-ions evaluated in

:2 mullites

Relative change in LC w.r.t. mulliteb

�a(%) �b(%) �c(%) Trend

−0.023 0.076 0.079 �c > �b > �ac

0.006 0.111 0.171 �c > �b > �a
0.008 0.150 0.225 �c > �b > �a

−0.025 0.119 0.122 �c > �b > �ac

0.056 0.198 0.322 �c > �b > �a
0.063 0.262 0.471 �c > �b > �a

−0.099 0.169 0.070 �b > �c > �ac

−0.022 0.252 0.137 �b > �c > �ac

0.102 0.319 0.208 �b > �c > �a
0.141 0.403 0.260 �b > �c > �a
0.248 0.393 0.289 �b > �c > �a

a0, b0, and c0 are lattice constants of pure mullite phase (Sample M-0 from

where a0, b0, and c0 are lattice constants of pure mullite phase (Sample M-0
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his study, i.e. Ti4+, Cr3+ and Ga3+ have a stable electron con-
guration (see Table 2) with a spherically symmetrical charge
istribution. As a result, the structural position for their inclu-
ion in mullite should be essentially controlled by the size of
he cations. Replacement of Al3+ from the AlO6 octahedra was
uggested as a possible mechanism for metal-ion incorporation.
ubstitution of Al3+ with a larger cation in oxygen octahedra
hould produce a larger expansion along the b-axis than along the
-axis, which is also considered to be ‘normal expansion’ behav-
or. The incorporation-induced structural expansion in mullite
tructure observed for all the metal-ion doped mullite samples
n this study showed a larger change in ‘b’ cell edge than in the

a’ cell edge, i.e. �b > �a. This observation is consistent with
he substitution of Al3+ in the AlO6 octahedra by Ti4+, Cr3+,
nd Ga3+ ions as a possible mechanism for their incorporation
n mullite. Further evaluation of other possible mechanisms for

t
i
d
i

ig. 4. Evolution of lattice constant with temperature along the b-axis for different ty
pes of metal-ion doped 3:2 mullite samples for a range of concentrations.

etal-ion incorporation in mullite, such as occupation of regu-
ar and interstitial sites by Cr3+ at higher concentrations, require
n-depth crystallochemical analysis and was considered beyond
he scope of the present study.

The contraction observed along the a-axis for low dopant ion
oncentrations is consistent with earlier studies where the metal-
on doped mullite samples were synthesized using the sol–gel

ethod for sample preparation.17,27 Schneider and Vasudevan27

ave reported a similar contraction in a-axis in Mn3+ ion doped
ullites, and have suggested the distortion of octahedra due

o the Jahn–Teller effect, as a possible explanation. Polyhe-
ral distortion at low metal-ion concentrations could explain

he observed contraction along the a-axis. Since all the metal
ons considered in this study have stable electron configurations,
istortion of polyhedra as a result of crystal field stabilization
s not possible, as was the case in Mn3+ ions. However, other

pes of metal-ion doped 3:2 mullite samples for a range of concentrations.
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rystal chemical phenomena, such ionization, cation repulsion
cross shared anion bridges, etc., can also induce distortion in
olyhedra.

.2. Thermal expansion of metal-ion doped mullites

HTXRD patterns were acquired for all the 12 samples,
lthough, over slightly different temperature ranges, and ana-
yzed using the Rietveld method.41 The evolution of lattice
onstants with temperature, along each crystallographic axis,

nd the variation of unit cell volume with temperature is plotted
or all the samples in Figs. 3–6. For clarity and better compari-
on, the lattice expansion for each of the three types of metal-ion
oped mullites is presented separately using the same scale.

l
p
m
e

Fig. 6. Evolution of unit cell volume with temperature for different types o
pes of metal-ion doped 3:2 mullite samples for a range of concentrations.

he lattice expansion of pure mullite phase, prepared by the
ol–gel method (sample M-0), is also included on each graph
or comparison.

In the temperature range extending from room temperature
RT) to 1000 ◦C, comparison of the relative elongation or axial
xpansion (i.e. �a/aRT or �b/bRT or �c/cRT expressed as %),
s a good indicator of the effect of metal-ion on mullite lat-
ice expansion. The largest elongation was observed along the
-axis (i.e. �b/bRT) for all the samples and was fairly similar
o that observed in pure mullite phase (∼0.5%). The mullite

attice expanded the least along the a-axis for all the sam-
les (0.28% ≤ �a/aRT ≤ 0.41%), with the measured value for
ullite being 0.32%. These observations are consistent with

arlier reports by Schneider and Eberhard14 and Brunauer et

f metal-ion doped 3:2 mullite samples for a range of concentrations.
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Table 7
Thermal expansion coefficients measured for types of metal-ion doped 3:2 mullite samples for a range of concentrations

Phase or dopant Sample ID Mol% dopant
cation

Thermal expansion coefficients [αn = An,0 + An,1(T − 20); β = B0 + B1(T − 20); where n is for a, b, or c axis] Temperature
range (◦C)

αa αb αc αmean
a β

Aa,0 × 10−6 Aa,1 × 10−9 Ab,0 × 10−6 Ab,1 × 10−9 Ac,0 × 10−6 Ac,1 × 10−9 A0 × 10−6 A1 × 10−9 B0 × 10−6 B1 × 10−9

Mullite M-0 0.00 1.88 (3) 3.42 (8) 4.40 (3) 3.23 (8) 3.67 (3) 3.68 (7) 3.32 (2) 3.44 (5) 10.20(5) 9.7(1) 20–1000

Ti
Ti-1 1.93 1.63 (5) 3.28 (7) 3.45 (5) 3.83 (8) 3.19 (4) 3.40 (6) 2.76(3) 3.51(4) 8.29(8) 10.5(1) 20–1400
Ti-2 3.13 2.98 (2) 1.62 (3) 3.79 (2) 3.78 (3) 3.93 (2) 2.81 (3) 3.57(1) 2.74(2) 10.77(3) 8.14(5) 20–1400
Ti-3 4.53 3.00 (4) 1.85 (6) 4.13 (4) 2.92 (6) 4.25 (3) 2.31 (5) 3.79(2) 2.36(3) 11.34(6) 7.12(9) 20–1400

Cr
Cr-1 2.30 2.56 (1) 2.81 (3) 4.36 (1) 3.15 (3) 4.062 (9) 2.91 (2) 3.661(6) 2.96(1) 10.88(2) 9.04(4) 20–1100
Cr-2 6.96 2.313 (9) 2.80 (2) 4.45 (1) 2.62 (2) 3.900 (8) 2.71 (2) 3.556(5) 2.71(1) 10.69(2) 8.12(3) 20–1400
Cr-3 11.76 2.558 (9) 2.44 (2) 4.344 (9) 2.79 (2) 3.965 (7) 2.56 (1) 3.622(5) 2.596(9) 10.85(1) 7.84(3) 20–1400

Ga

Ga-1 1.29 2.745 (9) 2.07 (2) 4.81 (1) 2.28 (2) 4.113 (8) 2.25 (2) 3.889(5) 2.20(1) 11.59(2) 6.71(3) 20–1200
Ga-2 3.35 2.31 (1) 2.93 (3) 4.40 (1) 2.84 (3) 3.77 (1) 2.74 (2) 3.491(6) 2.84(2) 10.44(2) 8.58(5) 20–1100
Ga-3 4.62 2.12 (1) 2.85 (3) 4.00 (1) 3.02 (3) 3.50 (1) 2.87 (2) 3.207(6) 2.91(2) 9.62(2) 8.74(5) 20–1100
Ga-4 5.82 2.42 (1) 2.97 (2) 4.39 (1) 3.42 (2) 3.803 (8) 3.30 (2) 3.536(5) 3.23(1) 10.55(2) 9.75(4) 20–1200
Ga-5 8.90 2.32 (1) 2.87 (2) 4.58 (1) 3.19 (2) 4.03 (1) 2.84 (2) 3.642(6) 2.97(1) 10.86(2) 8.98(3) 20–1300

a For αmean, A0 = (Aa,0 + Ab,0 + Ac,0)/3; A1 = (Aa,1 + Ab,1 + Ac,1)/3.
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Structure-controlled expansion anisotropy (A-factor) is an
important parameter, which can provide further insight into the
understanding of the thermal expansion behavior of ceramics.14
62 P. Sarin et al. / Journal of the Europ

l.13 Increase in Ti4+ ion concentration resulted in an increase
n axial expansion measured along all the axes and consequently
he unit cell volume. In contrast, the increase in concentration
f Cr3+ ion resulted in a decrease in axial expansion along all
he axes. The concentration of Ga3+ ion did not have any sig-
ificant effect on axial expansion in this temperature range, and
he values were comparable to those of the pure mullite phase.
n order to evaluate the effect of different metal-ion dopants on
hermal expansion of the mullite lattice, it is reasonable to com-
are the expansion of Ti-3, Cr-2, and Ga-3 samples, as they have
pproximately 4.5 mol% composition (except for Cr-2 sample
hich had 6.96 mol% Cr3+ ion). Both Cr-2 and Ga-3 samples

howed very similar axial expansion behavior, similar to that
f pure mullite (sample M-0). However, in the case of the Ti-3
ample, larger axial expansion was observed along all the axes,
articularly along the c-axis (0.66%).

In the absence of any consensus on phase transformations
n mullite,2 as well as the reported non-linearity in thermal
xpansion of mullite at lower (<300 ◦C) and higher temperatures
>1000 ◦C),14 a continuous curve was considered appropriate to
odel the thermal expansion behavior. The lattice expansion
as fitted with a continuous curve using Eq. (3). Using the cri-

eria stated earlier in this article, the 2nd order form of Eq. (3)
as found most suitable to model thermal expansion of mul-

ite samples from room temperature up to 1400 ◦C. Therefore,
t is proposed that the thermal expansion of mullite and metal-
on doped mullites has a linear dependence on temperature (i.e.
(T) = A0 + A1�T). Results are summarized in Table 7 as values
or the An,0 and An,1 coefficients for αn, where ‘n’ denotes ‘a’,
b’ or ‘c’ crystallographic axis for mullite. Also included are the
alues for the coefficients A0 and A1 for αmean and the B0 and
1 coefficients, which define the volume expansion coefficient
.

A distinct trend was apparent in the values of the coefficients
ith concentration of the dopant ion, as well as for different
etal-ion types (Table 7). With an increase in concentration

f the dopant ion, the A0 values were found to increase along
ll the crystallographic axes in the case of Ti-doped mullites,
hile the values remained fairly constant and similar for the
r- and Ga-doped samples. The values of the A1 coefficients,
hich determine the change in thermal expansion coefficients
ith temperature, showed a different trend altogether. In the

ase of the Ti- and Cr-doped samples, the A1 coefficient values
ecreased with increase in dopant ion concentration along all the
hree axes. In contrast, the A1 values showed a small increase
ith Ga3+ ion concentration. In order to compare the effect of

he type of dopant ion on B0 and B1 coefficients, the values from
i-3, and Ga-3 samples were compared with Cr-2* sample. The
coefficients for Cr-2* sample were calculated for 4.6 mol%

f Cr3+ ion concentration by interpolation. The comparison is
resented in Fig. 7. With an increase in the ionic radii of the
opant metal-ion, the B0 coefficient decreased (≈15%), while
he B1 coefficient increased (≈23%).
The effect of type of metal-ion dopant on the mean thermal
xpansion (αmean) behavior is presented in Fig. 8 for samples
ith approximately 4.6 mol% metal-ion dopant concentration

i.e. samples Ti-3, Cr-2* and Ga-3). In the temperature range

F
(
c

oped in the mullite structure. These coefficients define the linear temperature
ependent volume expansion (β) behavior of mullite according to the equation
= B0 + B1(T − 20), where T is the temperature in ◦C.

rom room temperature to 1000 ◦C, the αmean values increased
ith temperature and were within 3.0–6.7 for all the samples.
he αmean values for metal-ion doped samples were smaller at
igher temperatures in comparison with the pure mullite phase.
he αmean values for the Cr-2* and the Ga-3 samples showed a
imilar temperature dependence, which was different from the
i-doped or the pure mullite samples. The resemblance in the
volution of αmean values with temperature for the Cr-2* and the
a-3 samples is most likely due to the similarities in the way

n which Cr3+ and Ga3+ are incorporated into and influence the
ig. 8. The effect of type of metal-ion dopant on the mean thermal expansion
αmean) behavior for samples with approximately 4.5 mol% metal-ion dopant
oncentrations.
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ig. 9. The effect of type of metal-ion dopant on the anisotropy factor (A-factor).
he plots are for samples with ∼4.5 mol% concentration of the dopant ion.

he effect of type of metal-ion dopant on the A-factor is pre-
ented in Fig. 9. In the temperature range from RT to 1000 ◦C,
he A-factor of mullite was higher than the Cr- and Ga-doped
amples. The A-factor for mullite, Cr- and Ga-doped mullites
id not show much variation in this temperature range. The A-
actor for the Ti-doped mullite samples, however, extended from
2.5 at temperatures <200 ◦C to ∼4.5 at 1000 ◦C, and increased

urther at higher temperatures. The increase in anisotropy fac-
or in the case of Ti-doped sample is perhaps attributable to the
+ oxidation state of the Ti ion, and its incorporation into the
ullite structure at the Al3+ position in the AlO6 octahedra.
oreover, substitution of Si4+ by Al3+ in the SiO4 tetrahe-

ra, in order to compensate for the charge imbalance caused by
i4+ incorporation,28 may also be responsible for the enhanced
nisotropy exhibited by the Ti-doped sample.

Thermal expansion measurements can also be considered
s an indirect probe of the bond strength and bonding envi-
onment in a material system. The variability in bond strength
long different directions, for example in the AlO6 octahedra in
ullite, could explain the differences observed in the thermal

xpansion behavior measured along different crystallographic
xis, and hence the anisotropy. The replacement of Al3+ in the
xygen octahedra with different metal-ions (i.e. Ti4+, Cr3+, or
a3+) should modify the bonding environment locally and result

n different bond strengths and consequently different thermal
xpansion. The A0 and B0 coefficients define the thermal expan-
ion at the chosen reference temperature (i.e. 20 ◦C in this study).
hus these values are representative of the effect of bonding
nvironment at this temperature. However, change in a thermal

xpansion coefficient with temperature should require a tem-
erature dependent change in local bonding environment. For
hermal expansion that is linearly dependent on temperature, as

p
C
m

eramic Society 28 (2008) 353–365 363

bserved in this study, the A1 and B1 coefficients are the rate
f change of thermal expansion with temperature, and therefore
hould represent the effect of change in the local bonding envi-
onment on thermal expansion with temperature. We believe that
he A1 and B1 parameters can provide valuable insight into the
echanism of thermal expansion in this material system. How-

ver, this would also require detailed crystallochemical analysis
f mullite and doped mullite structures with temperature, and is
subject of further study.

. Conclusions

In this work, the effect of transition metal-ion doping on ther-
al expansion of 3:2 mullite was studied by HTXRD using

ynchrotron radiation up to 1400 ◦C in air. Three metal-ion
opants, which had very similar ionic radii, but different oxi-
ation states and electronic configurations, were evaluated in
his study, and included Ti4+, Cr3+, and Ga3+. Using the co-
recipitation methods single phase mullite and metal-ion doped
ullite samples were synthesized, and up to 15.9 wt.% Cr2O3
as successfully incorporated in mullite.
The induced structural expansion due to transition metal-ion

ncorporation in mullite structure was larger along the ‘b’ cell
dge than the ‘a’ cell edge, i.e. �b > �a in all the samples. This
bservation is consistent with the substitution of Al3+ in the
lO6 octahedra by Ti4+, Cr3+, and Ga3+ ions and conforms to

he proposed mechanism for their incorporation in mullite.2 The
ffect of Ti- and Cr-ion incorporation on the mullite structure
as similar, with the observed trend in relative expansion along
ifferent crystallographic axes being �c > �b > �a. However,
a-doping resulted in a larger (relative) change along the b-axis

han the c-axis, with the trend being �b > �c > �a.
Thermal expansion behavior of 3:2 mullite was studied as

function of both the type and the concentration of transition
etal-ion dopant using HTXRD. In the temperature range from

0 ◦C to 1000 ◦C, the largest elongation was observed along
he b-axis and was fairly independent of the type and concen-
ration of the metal-ion dopant. The mullite lattice expanded
he least along the a-axis. With an increase in Ti4+ ion con-
entration, an increase in axial expansion was observed along
ll the axes, whereas the increase in concentration of Cr3+

on resulted in a decrease in axial expansion along all the
xes. The concentration of Ga3+ ion did not have any sig-
ificant effect on axial expansion in this temperature range,
nd the values were comparable to those of the pure mullite
hase.

Based on rigorous statistical analysis of thermal evolution of
attice parameters, it was concluded that the thermal expansion
f mullite and metal-ion doped mullites has a linear dependence
n temperature (i.e. α(T) = A0 + A1�T). In the temperature range
rom room temperature to 1000 ◦C, the αmean values increased
ith temperature and were within 3.0–6.7 for all the samples.
he αmean values for metal-ion doped samples were smaller at
hase. The evolution of αmean values with temperature for the
r- and the Ga-doped samples with approximately 4.5 mol%
etal-ion dopant concentration suggests similarities in the way
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n which Cr3+ and Ga3+ are incorporated into, and influence the
ullite structure.
We believe that this study is unique in its comprehensive

pproach and in defining a methodology for reporting and under-
tanding the thermal expansion properties of mullite systems.
ost of the findings reported in this investigation are consistent
ith existing literature, and lay the foundation for future research

n the advancement of knowledge on the thermal behavior of
ullite systems based on crystal chemical analysis.
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