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One of the challenges in developing a low thermal conductivity material addresses on searching
lightweight ceramic without heavy or rare-earth (RE) elements. Mg2Al4Si5O18 interests us for its
very low density and complex crystal structure. The first-principle calculations were performed to
predict mechanical and lattice thermal conductivity of hexagonal and orthorhombic phases of
Mg2Al4Si5O18. According to Debye approximation and the Slack model, the lattice thermal
conductivity varies with temperature in 804.6/T and 719.7/T, yielding 2.95 and 2.64 W/(m�K) at
room temperature, respectively. The high temperature limits of thermal conductivities are as low
as 1.33 and 1.29 W/(m�K). The thermal conductivities of both polymorphs of Mg2Al4Si5O18 are
lower than most of RE-containing silicates and zirconates. The present work suggests that
Mg2Al4Si5O18 is a promising lightweight ceramic with extremely low thermal conductivity. We
also highlight that enhancing complexity of the crystal structure rather than incorporating heavy
RE elements may be an alternative wisdom to explore lightweight thermal insulators.

I. INTRODUCTION

Materials with low thermal conductivity have long been
investigated for their broad applications, especially as
thermal insulation materials. Researchers usually follow
a selection guideline proposed by D.R. Clarke1 to search
for candidate materials. It says that materials with low
thermal conductivity should satisfy four principal con-
ditions: a large molecular weight, a complex crystal
structure, nondirectional bonding, and a large number of
different atoms per molecule. Accordingly, many studies
have been focused on candidates, such as rare-earth
silicates,2 zirconates,3,4 and phosphates,5,6 since introduc-
ing rare-earth elements is an effective way to increase the
atomic mass as well as bonding heterogeneity. However,
in view of the sustainable development and cost minimi-
zation of thermal insulators, it is imminent to explore
a new strategy in which rare-earth elements are no longer
crucial to reduce thermal conductivity.

As an aluminosilicate free of a rare-earth element,
magnesium cordierite (Mg2Al4Si5O18) was taken as the
cutting-in point to enrich the scope of material selection. It
has been reported to own very low thermal conductivity at

room temperature (RT) [;3 W/(m�K)]7,8 compared with
other candidates (details summarized in Table I7–10). At
the same time, the density of Mg2Al4Si5O18 is much
lower (;2.51 g/cm3) than most thermal insulation materi-
als. Recently, some lightweight materials with low ther-
mal conductivity like MPO4,

5 MP2O7,
11,12 and MSiO4

13

have attracted more attention, because of their broad
applications as thermal insulators, flame resistance, and
fireproofing materials in fields of transportation and
construction industry. Their lattice thermal conductivities
were comprehensively predicted using first-principles
calculations.
Besides the low density and low thermal conductivity,

Mg2Al4Si5O18 engages our attention for its specific
complex crystal structure. Many studies have shown that
one promising approach to reduce thermal conductivity is
to introduce guest atoms into the crystalline framework,
e.g., clathrate and skutterudite, since the loosely coupled
guests are associated with high thermal resistivity.14 As is
shown in Fig. 1, either of the two polymorphs15 of
Mg2Al4Si5O18 provides a specific structure to host Mg
atoms at the interstitial sites of the framework of [AlO4]
and [SiO4] tetrahedra. It is expected that this character-
istic structure may play a pivotal role in reducing the
thermal conductivity of Mg2Al4Si5O18.
In addition, Mg2Al4Si5O18 is well-known for its ultra-

low coefficient of thermal expansion, good thermal shock
resistance, excellent stability up to high temperatures,
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good chemical stability, and dielectric properties.16–23 It is
usually used as refractory materials, electronic packaging
materials, bio-ceramics, infrared radiation materials, filter-
ing material for molten metals, and honeycomb catalyst
carrier in automobile exhaust system. All these great
properties and performance of Mg2Al4Si5O18 support it
as a strong candidate for precisely evaluating the intrinsic
lattice thermal conductivity.

In this work, first-principle calculations are performed
to study the lattice thermal conductivity of two cordierite
polymorphs, a-Mg2Al4Si5O18 and b-Mg2Al4Si5O18. The
equilibrium crystal structure, Mulliken population and
bonding characteristics are calculated as well. The full set

of elastic constants or stiffness matrix, polycrystalline
shear modulus, bulk modulus, Young’s modulus, and
Poisson’s ratio are computed, from which sound veloc-
ities, Debye temperature and Grüneisen parameter are
also derived. Anisotropic elastic stiffness, such as
directional Young’s modulus is discussed. Finally, tem-
perature dependence of thermal conductivity as well as
the minimum value are predicted by the Slack model24

and Clarke model,1 respectively. Our results demonstrate
that the low thermal conductivity of Mg2Al4Si5O18 is
closely related to its complex crystal structure, and that
crystal structure engineering provides us an alternative
opportunity to discover lightweight thermal insulators.

II. CALCULATION METHODS

A. Computational details

The theoretical calculations were performed using
first principles based on density functional theory25 as
implemented in the CASTEP code.26 Vanderbilt-type
ultrasoft pseudo potentials (US-PP)27 and a plane-wave
expansion of the wave functions were used. The local
density approximation25 was selected to describe the
exchange correlation functional. The energy cutoff was
fixed to be 450 eV. The k-point sampling of the
Brillouin zone was constructed by using the
Monkhorst–Pack method28 with 2 � 2 � 2 grids in
primitive cells. All atomic positions and lattice param-
eters were fully relaxed using Broyden–Fletcher–Gold-
farb–Shanno29 minimization scheme until the difference
on total energy is within 5.0 � 10�6 eV/atom, maximum

TABLE I. Density (g/cm3) and thermal conductivity [W/(m�K)] at
room and high temperature of candidates for low thermal conductivity
applications.

Compound Density

Thermal conductivity

@RT @1273 K

(3%mol)YSZ8 6.0 2.9 2.3
La2Zr2O7 (Ref. 8) 6.05 3.2 1.56
LaPO4 (Ref. 8) 5.07 3.61 1.8 (973 K)
a-AlPO4 (Ref. 5) 2.72 11.7 2.75
YAG8 4.55 10.3 3.0
Y2SiO5 (Ref. 9) 4.09 1.86 1.31
c-Y2Si2O7 (Ref. 10) 4.48 4.91 1.95
Mullite8 3.27 5.4 3.3 (1400 K)
ZrO2 (Ref. 8) 5.85 8.2 2.17
LaMgAl11O19 (Ref. 8) 4.26 3.2 2.7
BaZrO3 (Ref. 8) 6.23 . . . 3.42
Mg2Al4Si5O18 (Ref. 7) 2.52 2.5 . . .

FIG. 1. Crystal structures of (a) a-Mg2Al4Si5O18 and (b) b-Mg2Al4Si5O18, as well as (c) and (d) their projections along the c axis (Mg in gray, Al
in red, Si in blue and O in green).
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ionic Hellmann–Feynman force within 0.01 eV/Å,
maximum stress within 0.02 GPa and maximum ionic
displacement within 5 � 10�4 Å.

As color coded in Fig. 1, the T1 tetrahedral site is
disorderly occupied by Al/Si in the ratio of 2 to 1 while
the T2 site have the ratio of 1 to 2. Thus, virtual crystal
approximation (VCA)30 within the US-PP method was
used to model the fractional occupancy of Al/Si atoms of
a-Mg2Al4Si5O18. VCA assumes that on each potentially
disordered site there is a virtual atom which interpolates
between the characters of the actual components. This
method is reasonably accurate to model Al/Si disorder in
silicates, such as hollandite and gehlenite,31 and it could
well reproduce the crystal structure, structural stability,
and bulk modulus.

After applying two strain patterns and calculating the
resultant stress tensors, the second-order elastic coeffi-
cients of a- and b-Mg2Al4Si5O18 were derived by linear
fitting of the stress–strain relationship, as implemented by
Milman and Warren.32 Three positive and three negative
amplitudes were applied for each strain component with
a maximum strain value of 0.3% to avoid the nonlinear
stress–strain relationship at higher strain values. Conver-
gence tolerance for optimization on atomic internal free-
doms was selected as the difference in the total energy
within 1 � 10�6 eV/atom, the ionic Hellmann–Feynman
force within 0.002 eV/Å and the maximum ionic dis-
placement within 1 � 10�4 Å. The choice of present
computational parameters ensures good agreement with
experimental values of the crystal structure and elastic
properties.

B. Structural distortion

For an equilibrium crystal structure, definition of the
degree of distortion Dd of the coordination polyhedron33

yields:

Dd ¼ 1
n

X
n

d M � Oð Þn � Æd M � Oð Þnæ
Æd M � Oð Þnæ

� �2

; ð1Þ

where d(M–O)n and ,d(M–O)n. are the M–O bond
length for the nth O atom and the average length of M–O
bonds in the polyhedron, respectively. It is expected that
the higher the value of Dd is, the larger the degree of
distortion of the polyhedron is.

C. Elastic properties

Bulk modulus B and shear modulus G for crystalline
aggregates can be estimated from single-crystal elastic
constants with the well-established Voigt–Reuss–Hill
approximation.34 According to the conversion formulas
between elastic moduli,35 the Young’s modulus E, and
Poisson’s ratio m can be calculated according to the bulk
modulus B and shear modulus G:

E ¼ 9BG= 3Bþ Gð Þ ; ð2Þ

m ¼ 3B� 2Gð Þ= 2 3Bþ Gð Þ½ � : ð3Þ

D. Lattice thermal conductivity

Slack suggested the following description for lattice
thermal conductivity j [W/(m�K)] in a temperature range
in which heat conduction is dominated by Umklapp
scattering among acoustic phonons:24,36

j ¼ Bc �Mdh3D
c2N2=3

cellT
; ð4Þ

where �M is the average mass of atoms in g/mol, d3 is the
average volume of atoms in m3, hD is the Debye
temperature in K, c is the Grüneisen parameter, Ncell is
the number of atoms per primitive unit cell, and Bc is
a coefficient related to c:

Bc ¼ 2:43� 10�8

1� 0:514=cð Þ þ 0:228=c2ð Þ : ð5Þ

Due to the significant complexity of the crystal structure
and chemical bonding in Mg2Al4Si5O18, it is difficult to
access the mode Grüneisen parameter37 from the phonon
dispersion. Therefore, in this work, the acoustic c37–40 is
calculated to represent the anharmonicity of phonon
scattering. The method is based on an average of lattice
vibrational frequency, i.e., equalizing vibration energy of
acoustic phonon to the energy of elastic wave propagation
in a continuum approximation of polycrystalline. Hence,
the acoustic Grüneisen parameter c can be directly derived
from Poisson’s ratio m or sound velocities as38,41:

c ¼ 3
2

1þ m
2� 3m

� �
¼ 9

2

v2l � 4v2s
�
3

v2l � 2v2s
: ð6Þ

Further, we use the definition of Debye tempera-
ture24,39 from elastic constants as follows:

hD ¼ h

kB

3
4p

Ncell

NAq
Mcell

� �� �1=3
vm ; ð7Þ

where h is the Planck constant in J�s, kB is the Boltzmann
constant in J/K, NA is the Avogadro constant, q is density
in kg/m3,Mcell is the mass per primitive cell in kg, and vm
is the mean sound velocity determined by density and
elastic constants40:

vm ¼ v�3
l þ 2v�3

t

� ��
3

	 
�1=3
; ð8Þ
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vl ¼ G=qð Þ1=2

vt ¼ Bþ 4G=3ð Þ=q½ �1=2 ;
ð9Þ

here vl and vs are the longitudinal and transverse sound
velocity, respectively.

At a high temperature limit, lattice thermal conductiv-
ity approaches its minimum value and remains indepen-
dent to temperature thereafter. Clarke1 assumed that the
minimum phonon mean free path converges to the
average interatomic distance in the material at high
temperature and approximated different atoms in a mole-
cule with an equivalent atom having a mean atomic mass
of Mcell/ncell. Therefore, the theoretical minimum thermal
conductivity can be calculated by:

j ! kBvl ! kBvlmin ! jClarkemin ! kBvm
Mcell

NcellqNA

� ��2=3

:

ð10Þ

III. RESULTS AND DISCUSSION

A. Crystal structure and chemical bonding

Cordierite mainly exists in two thermodynamically
stable polymorphs, including an Al/Si disordered hexag-
onal phase a-Mg2Al4Si5O18 (P6/mcc, Z5 2) and an Al/Si
ordered orthorhombic phase b-Mg2Al4Si5O18 (Cccm, Z 5
4).15,42,43 Figure 1(a) is the crystal structure of a-Mg2Al4-
Si5O18 and Fig. 1(c) is its projection along the c axis. Al
and Si atoms are illustrated in red and blue so that the Al/
Si disordered sites are represented as two-colored spheres
with a fixed red/blue ratio. Figs. 1(b) and 1(d) are the
crystal structure and c-axis projection, respectively, of
b-Mg2Al4Si5O18. It is clear that both crystal structures
essentially consist of the framework of [AlO4] and [SiO4]
tetrahedra with [MgO6] octahedral coordination. To be
specific, the [AlO4] and [SiO4] tetrahedra can be divided
into two types: corner-sharing T2 tetrahedra forming
a distorted hexagonal ring which is contra rotated by
;30° in the adjacent T2 ring layer; and T1 tetrahedra
connecting neighboring T2 rings as well as sharing two
opposite edges with octahedra that coordinate Mg atoms.
The Mg atoms are located in the distorted octahedra that
share edges with three T1 tetrahedra. The main difference
between a- and b-Mg2Al4Si5O18 is whether there exists
Al/Si ordering. Specifically speaking, in the high-temper-
ature phase a-Mg2Al4Si5O18 that is stable above 1450 °C,
the Al and Si atoms are distributed over two sets of
tetrahedral sites: three T1 and six T2 sites per formula unit.
The Al and Si distribution involves: two Al and one Si
disorderly occupying the T1 tetrahedra; and two Al and
four Si disorderly present on the T2 tetrahedra. In the low-
temperature phase b-Mg2Al4Si5O18 that is stable under

1450 °C, the tetrahedra at T1 sites are grouped into two
non-equivalent types: T11 and T16, while the tetrahedra at
T2 sites are denoted into three non-equivalent types: T21,
T23, and T26. The third symbol of each label represents
the symmetry operation (1 for identity map, 3 for the
third-turn, and 6 for the sixth-turn) that correlates the
atoms in equivalent sets. Within this new structure, Al and
Si atoms are able to form a completely ordered distribu-
tion43 (see details in Table II).

The optimized lattice parameters of a- and b-Mg2Al4-
Si5O18 are compared with the experimental data15 in
Table III. Based on the results, the deviations of
theoretical lattice parameters from the experimental
values for a-Mg2Al4Si5O18 are 1.08% for a and b, and
1.54% for c; and the deviations for b-Mg2Al4Si5O18 are
0.90% for a and b, and 1.10% for c.

Table IV lists the degrees of distortion Dd of co-
ordination polyhedra for a- and b-Mg2Al4Si5O18. It is
observed that the bond lengths of T1 (T11 and T16) sites
are slightly larger than those of T2 (T21, T23 and T26)
sites. Besides, Si–O bonds are shorter than Al–O bonds,
which are normally identified in aluminosilicates. In-
terestingly, the bond lengths at both T1 and T2 sites in
a-Mg2Al4Si5O18 are slightly smaller than their counter-
parts (T11, T16 and T21, T23, and T26) in b-Mg2Al4-
Si5O18. Accordingly, the degree of distortions for all
three kinds of polyhedra in a-Mg2Al4Si5O18 is smaller
than those in b-Mg2Al4Si5O18. When modeling the Al/Si
disorder in a-Mg2Al4Si5O18, the VCA method eliminates
the difference between Si–O and Al–O bonds by the
virtually averaged Si1/3Al2/3–O and Si2/3Al1/3–O bonds.
Therefore, it neglects such effects as local distortions
around atoms in a-Mg2Al4Si5O18. Furthermore, distor-
tions of T1 (T11 and T16) and M polyhedra are almost
zero while the degrees of distortion of tetrahedra at T2

(T21, T23 and T26) sites are higher than those at T1 (T11
and T16) and M sites. Combined with the research studies
on structure dependence on temperature or pres-
sure,20,44,45 the conclusion is easily drawn that T1 (T11
and T16) tetrahedra and M octahedra play more active
roles than T2 (T21, T23 and T26) tetrahedra in responding
to deformation. It is supposed that since T1 (T11 and T16)
tetrahedra are less constrained by the symmetry com-
pared to T2 (T21, T23 and T26) tetrahedra, they can
accommodate distortion by rotating or bending
about adjoining tetrahedrons. This mechanism results in

TABLE II. Tetrahedral sites in the Mg2Al4Si5O18 polymorphs.

Hexagonal form Orthorhombic form Site content

3 T1 sites
2 T11 sites 2 Al
1 T16 site 1 Si

6 T2 sites
2 T21 sites 2 Si
2 T23 sites 2 Si
2 T26 sites 2 Al
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near-zero distortion in T1 (T11 and T16) tetrahedra. On
the contrary, T2 (T21, T23 and T26) tetrahedra restricted
by the six-member rings are less free for response to
strain. Therefore, the degrees of distortions of T2 (T21,
T23 and T26) and M sites are much larger than those for
T1 (T11 and T16) sites. And it is also noted that T1 (T11
and T16) and M sites are closely related to the interstitial
Mg atoms. Therefore, the weakly bound Mg atoms,
which can be regarded as the guest atoms within the
framework of Al and Si tetrahedra, may reduce thermal
conductivity by effectively scattering phonons. In addi-
tion, the distortion of Si tetrahedra is smaller than that of
Al tetrahedra since Si–O bonds are stiffer than Al–O
bonds. Mulliken population46 of Si–O and Al–O bonds in
b-Mg2Al4Si5O18 is analyzed in Fig. 2 to support this
explanation. The population of Si–O bond is larger than
that of Al–O bond, indicating Si–O bond is stronger than
the latter one. The Mulliken population of ionic M–O
bond is negative and is not shown here.

B. Elastic properties

The calculated elastic constants for the polymorphs are
listed in Table V and compared with the experimental
values and other theoretical data.47,48,49 The number of
independent elastic constants is 5 for a hexagonal system
or 8 for an orthorhombic system. All calculated results of
a- and b-Mg2Al4Si5O18 are used to validate the Born–
Huang criteria50 for mechanical stability: a) c44 . 0, c11
. jc12j, (c11 1 c12) c33 . 2c13

2 for the hexagonal system;
and b) c11 . 0, c22 . 0, c33 . 0, c44 . 0, c55 . 0, c66 .
0, c11 1 c22 1 c33 1 2(c12 1 c13 1 c23). 0, c11 1 c22 �
2c12 . 0, c11 1 c33 � 2c13 . 0, c22 1 c33 � 2c23 . 0 for
the orthorhombic system. The results ensure the structural

stabilities of the polymorphs under elastic strain pertur-
bations.

Among all elastic constants, c11, c22, and c33 represent
the stiffness against principal strains, whereas c44, c55,
and c66 correspond to the resistance to shear deforma-
tions. A common feature for both phases is that c11, c22,
and c33 are much higher than c44, c55, and c66. In
addition, the ratios c23/c44, c13/c55, and c12/c66 deviating
greatly from unity mean the existence of noncentral
interatomic forces in the compounds. Moreover, the six
main diagonal elements cii of a-Mg2Al4Si5O18 are
slightly larger than those of b-Mg2Al4Si5O18.

The elastic properties derived from elastic constants
are summarized in Table VI, together with experimental
values44,47,48,51,52 for comparison. The polycrystalline
bulk modulus B, shear modulus G and Young’s modulus
E of a-Mg2Al4Si5O18 are higher than those of b-Mg2Al4-
Si5O18. The low shear moduli G of cordierite probably
originates from the character that tetrahedra at T1 sites are
relatively softer than those at T2 sites (restrained by the
six-member ring in the xy plane along z axis). To evaluate
the trend of ductility or brittleness for cordierite, the ratio
of B/G is calculated by53:

B

G
¼ 2 1þ lð Þ

3 1� 2lð Þ or l ¼ 3B=G� 2
6B=Gþ 2

: ð11Þ

In materials with the B/G ratio higher than 1.75, local
strain in the region of the fracture extends easily and thus
it increases the ductility. On the contrary, decrement of
the B/G ratio indicates a higher stress concentration at the
root of a crack since plastic flow is relatively difficult. In

TABLE III. Theoretical lattice parameters (a, b, c in Å and a, b, c in °) of a- and b-Mg2Al4Si5O18, together with experimental data for comparison.

Compound Crystal system Space group a b c a b c

a-Mg2Al4Si5O18 (Calc.) Hexagonal P6/mcc
9.663 9.663 9.197 90 90 120

a-Mg2Al4Si5O18 (Expt.)
15 9.768 9.768 9.341 90 90 120

b-Mg2Al4Si5O18 (Calc.) Orthorhombic Cccm
9.721 9.721 9.229 90 90 120.763

b-Mg2Al4Si5O18 (Expt.)
15 9.809 9.809 9.332 90 90 120.648

TABLE IV. Bond lengths (Å) and degree of distortion of polyhedra of a- and b-Mg2Al4Si5O18.

Bond Site Bond length Average bond length Degree of distortion (10�4)

Si1/3Al2/3–O (a) T1 1.680 1.680 1.680 1.680 1.680 0
Si2/3Al1/3–O (a) T2 1.652 1.652 1.601 1.608 1.628 0.387
Mg–O (a) M 2.092 2.092 2.092 2.092 2.092 0

Si–O (b)
T16 1.610 1.610 1.610 1.610 1.610 0
T21 1.568 1.587 1.617 1.617 1.597 1.737
T23 1.555 1.597 1.618 1.618 1.597 2.585

Al–O (b)
T11 1.726 1.726 1.727 1.727 1.727 0.0003
T26 1.681 1.684 1.744 1.744 1.714 3.204

Mg–O (b) M
2.086 2.086 2.095 2.095

2.092 0.0197
2.095 2.095
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the present case, the B/G ratios for a- and b-Mg2Al4Si5O18

are 2.44 and 2.49, respectively. It means that both phases
are possibly quasi-ductile and that Al/Si-disordered a
phase is a little more brittle than the ordered b phase.

The a- and b-Mg2Al4Si5O18 with hexagonal and
orthorhombic crystal systems are expected anisotropic
elasticity. We herein use the classical Zener54 index to
measure the degree of elastic anisotropy. Three shear
anisotropic parameters A1, A2, A3 or namely Zener ratios
are calculated for the (100), (010), and (001) shear planes:

A1 ¼ 4c44= c22 þ c33 � 2c23ð Þ
A2 ¼ 4c55= c11 þ c33 � 2c13ð Þ
A3 ¼ 4c66= c11 þ c22 � 2c12ð Þ :

ð12Þ

For a material with elastic anisotropy, all Zener
ratios would obviously deviate from unity. As shown
in Table VII, both phases have nonunity Zener
ratios and the results demonstrate anisotropic elastic
stiffness.

Consequently, directional Young’s moduli35 of a- and
b-Mg2Al4Si5O18 are calculated by the equation expressed
in the Einstein summation convention:

En ¼ 1=ninjSijklnknl i; j; k; l ¼ 1; 2; 3ð Þ ; ð13Þ

Here, ni, nj, nk, and nl are the direction cosines of angles
with the three principal directions and Sijkl is the elastic
compliance (inverse of stiffness tensor).

Figure 3 and Fig. 4 show the directional Young’s
moduli of both phases by the color map as well as three
projections along the x, y, z axes. Directional depend-
ences of Young’s Modulus for a- and b-Mg2Al4Si5O18

display weak anisotropy. Hexagonal a-Mg2Al4Si5O18

are elastically isotropic in the xy plane, which means
that the elastic constants are invariant to arbitrary
rotations around the z axis [see Fig. 3(d)]. This
condition is called transverse isotropy.55 The root of
this consequence is the symmetry restriction (c66 5
(c11 � c12)/2) in hexagonal crystals. In the meantime,
orthorhombic b-Mg2Al4Si5O18 without the restriction
is anisotropic in the xy plane [see Fig. 4(d)]. Young’s
modulus of b-Mg2Al4Si5O18 is 154.5 GPa along the x
axis and 145.7 along the y axis. The maximum value of
the Young’s modulus is 165.6 GPa along all directions
in the xy plane for a-Mg2Al4Si5O18 and 154.5 GPa
along the x axis for b-Mg2Al4Si5O18. The minimum
values of Young’s modulus for a- and b-Mg2Al4-
Si5O18 are 137.2 and 128.6 GPa, respectively, along
the z axis.

FIG. 2. Mulliken Populations of Si–O and Al–O bonds in b-Mg2Al4-
Si5O18.

TABLE V. Theoretical elastic constants (GPa) of a- and b-Mg2Al4Si5O18 together with experimental data and another calculation for comparison.

Compound c11 c22 c33 c44 c55 c66 c12 c23 c13

a-Mg2Al4Si5O18 (Calc.) 232 232 200 54 54 65 103 103 103
a-Mg2Al4Si5O18 (Expt.

47) 201 201 176 47 47 58 86 84 84
b-Mg2Al4Si5O18 (Calc.) 220 214 190 54 48 64 102 97 100
b-Mg2Al4Si5O18 (Expt.

48) 207 214 186 47 52 64 94 89 95
b-Mg2Al4Si5O18 (Calc.

49) 209 202 195 51 46 64 94 85 84

TABLE VI. Theoretical polycrystalline bulk modulus B (GPa), shear modulus G (Gpa), Pugh’s ratio G/B, Young’s modulus E (GPa) and Poisson’s
ratio m.

Compound B G B/G E m

a-Mg2Al4Si5O18 (Calc.) 142 58 2.444 154 0.320
a-Mg2Al4Si5O18 (Expt.) . . . 47.3 (Ref. 47) . . . 139 (Ref. 51), 164 (Ref. 51),

148 (Ref. 47)
0.28 (Ref. 47), 0.34 (Ref. 47)

b-Mg2Al4Si5O18 (Calc.) 136 55 2.490 144 0.323
b-Mg2Al4Si5O18 (Expt.) 129 (Ref. 48), 119 (Ref. 52),

131 (Ref. 44)
54 (Ref. 48) . . . . . . . . .
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C. Thermal conductivity

Lattice thermal conductivity is determined by various
phonon scattering mechanisms, from boundary scattering
to phonon–phonon Umklapp scattering with increasing
temperature.56,57 Slack24 proposed the widely accepted
model, i.e., Eq. (4), to depict the lattice thermal conduc-
tivity at a moderately high temperature. In such a case,
the predominant scattering mechanism is the intrinsic
phonon–phonon Umklapp scattering and the heat is
transported primarily by acoustic phonons.

Table VIII presents the parameters used for the
calculation of thermal conductivity from Slack and
Clarke models [see Eqs. (4) and (10)]. As mentioned
above, the sound velocities vl, vs, vm and Debye temper-
ature hD are estimated from elastic constants [see Eqs.
(7)–(9)]. Also, the Grüneisen parameter c is obtained
from Poisson’s ratio m [see Eq. (6)]. Figure 5 shows the
temperature-dependent thermal conductivities predicted
by the Slack model for both phases, together with some
complex ceramics with low thermal conductivity.4,58,59

The thermal conductivity at RT is very low, 2.95 and
2.64 W/(m�K) for a- and b-Mg2Al4Si5O18. As the
temperature increases, thermal conductivity decreases

with reciprocal T as described by Eq. (4). Thermal
conductivity approaches its minimum value estimated
by the Clarke model [see Eq. (10)], about 1.33 W/(m�K)
for a-Mg2Al4Si5O18 at 605 K and 1.29 W/(m�K) for
b-Mg2Al4Si5O18 at 558 K. As discussed above, the VCA
method increases the symmetry and decreases the free-
dom of a-Mg2Al4Si5O18 compared to its real local
structure. So the predicted thermal conductivity of
a-Mg2Al4Si5O18 would be slightly overestimated. It is
also expect that the actual value will to be very close to
that of b-Mg2Al4Si5O18. Generally, the polymorphs have
quite similar physical and chemical properties so they are
not normally distinguished in the ceramic society. As the
temperature increases further, thermal conductivity will
no longer decrease because phonon mean free path
reaches its lower bound limited by the average atomic
distance d. In other words, theoretical lattice thermal
conductivity below the calculated minimum value is of
no practical concern. From room to high temperature, the
thermal conductivity of cordierite shows low magnitude
and just changes within a narrow range, 2.9–1.3 W/
(m�K), which is preferred in applications as thermal
insulators.

To better understand the physical origin of the very
low thermal conductivity of Mg2Al4Si5O18, Lu2SiO5

59

reference material with the lowest thermal conductivity in
Fig. 5 is selected as a comparison because: (i) Its crystal
structure consists of similar polyhedral framework to
Mg2Al4Si5O18 except that Mg2Al4Si5O18 contains
loosely bound Mg atoms; (ii) Both of Lu2SiO5 and
Mg2Al4Si5O18 are silicates, but the former contains heavy

TABLE VII. The shear anisotropy factors or Zener ratios of a- and
b-Mg2Al4Si5O18 obtained from theoretical calculation.

Compound A1 A2 A3

a-Mg2Al4Si5O18 (Calc.) 0.958 0.958 0.840
b-Mg2Al4Si5O18 (Calc.) 1.068 0.880 1.118

FIG. 3. (a) Direction-dependent Young’s modulus of a-Mg2Al4Si5O18 and its projection along (b) x, (c) y, and (d) z axes.

Y. Li et al.: Approaching extremely low thermal conductivity by crystal structure engineering in Mg2Al4Si5O18

J. Mater. Res., Vol. 30, No. 24, Dec 28, 2015 3735

ht
tp

s:
//

do
i.o

rg
/1

0.
15

57
/jm

r.
20

15
.3

67
 P

ub
lis

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

https://doi.org/10.1557/jmr.2015.367


Lutetium atoms while the latter is free of the rare-earth
element. These are representative materials for weighting
the possible strategies to develop a novel candidate with
very low thermal conductivity.

As a well-established method for evaluating thermal
conductivity among numerous materials, the Slack model
by itself provides important information for material
selection. Equation (4) can be mathematically factorized
into three parts, the number of atoms per cell Ncell,
Grüneisen parameter c, and Debye temperature hD, by
which thermal conductivity of a material is determined.
The power values of Ncell, c and hD are �2/3, �2, and 3,
respectively, in Eq. (4), so that a tiny increment of c or
Ncell or decrement of hD would obviously decrease
thermal conductivity. Mg2Al4Si5O18 has a higher Debye
temperature hD (652 K) than Lu2SiO5 (423 K) but it still
holds lower thermal conductivity (2.64 W/(m�K) for
b-Mg2Al4Si5O18) than Lu2SiO5 [4.98 W/(m�K)] at RT.
Therefore, hD is not the determinant factor of the low
thermal conductivity of Mg2Al4Si5O18. In addition, they
both have nearly the same atomic distance, d 5 2.35 Å,
in the sparse crystal structures. Parameter d is also

screened out the key factor for the divergence of thermal
conductivity.

The other two parameters, the Grüneisen parameter c
and number of atoms per cell Ncell of Mg2Al4Si5O18, are
the predominant reasons for its low lattice thermal
conductivity. The Grüneisen parameter of Mg2Al4Si5O18

is about 30% higher than Lu2SiO5 (1.92 for Mg2Al4-
Si5O18 and 1.5 for Lu2SiO5), which may lead to more
than 40% decrease in the magnitude of thermal conduc-
tivity. The larger c indicates a higher level of anharmonic
phonon scattering in Mg2Al4Si5O18, which is the origin
of higher thermal resistance. The huge anharmonicity
relates to the significant distortions of polyhedra and
strong noncentral interatomic forces in Mg2Al4Si5O18, as
well as the loosely bound Mg atoms within the AlO4 or
SiO4 tetrahedra framework.

Furthermore, it is worthy of discussing the physical
scheme on how the number of atoms in the primitive cell,
Ncell, affects the lattice thermal conductivity of Mg2Al4-
Si5O18. It qualitatively characterizes the effects of struc-
tural complexity on lattice thermal conductivity. The Ncell

is 58 for Mg2Al4Si5O18 (in contrast, only 32 atoms for

FIG. 4. (a) Direction-dependent Young’s modulus of b-Mg2Al4Si5O18 and its projection along (b) x, (c) y and (d) z axes.

TABLE VIII. Theoretical values of average atomic mass �M (g/mol), average distance between atoms d (Å), number of atoms per primitive unit cell
Ncell, density q (g/cm3), sound velocities (vl, vs, vm in km/s), Debye temperature hD (K), Grüneisen parameter c, and minimum thermal conductivity
jmin [W/(m�K)] for polycrystalline cordierite polymorphs, together with Lu2SiO5 for comparison.

Compound �M d Ncell q vl vt vm hD c jmin j�T
a-Mg2Al4Si5O18 (Calc.) 20.16 2.34 58 2.61 4.72 9.17 5.29 673 1.90 1.33 805
b-Mg2Al4Si5O18 (Calc.) 20.16 2.35 58 2.59 4.59 8.97 5.14 652 1.92 1.29 720
Lu2SiO5 (Calc.) 57.25 2.34 32 7.38 5.214 3.002 3.334 423 1.5 0.84 1359
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Lu2SiO5). As the Ncell increases, the lattice parameters
increase in real space and the position of the Brillouin
zone boundary in reciprocal space moves inward and cuts
the acoustic phonon branch with lower frequency. Si-
multaneously, the phonon dispersion “folds in” on itself
as the Ncell increases.

60,61 These two physical mecha-
nisms will decrease the group velocity v of acoustic
phonons as well as the acoustic Debye temperature61,62

(defined as ha ¼ hD=N
1=3
cell ). Hence the lattice thermal

conductivity is significantly decreased by increasing the
number of atoms in the primitive cell.

The last discussion is addressed to the character of low
density, or lightweight of Mg2Al4Si5O18. Mg2Al4Si5O18

has smaller average mass of atoms or lower density than
Lu2SiO5, namely the density is only 1/3 of the value of
Lu2SiO5. However, the lattice thermal conductivity of
Mg2Al4Si5O18 yields a much lower value compared with
its competitor Lu2SiO5 with a heavy rare-earth element.
This result provides exciting information that it is possible
to achieve very low thermal conductivity in lightweight
materials. This is in contrast to our general knowledge on
increasing the average atomic mass or incorporating rare-
earth element to effectively block heat transportation.63–65

We herein highlight a perspective on developing a prom-
ising candidate with low thermal conductivity through
tailoring the complexity of the crystal structure. To
summarize, the lattice thermal conductivity is predomi-
nantly determined by Debye temperature, Grüneisen
parameter, the number of atoms per primitive unit cell,
as well as the mean atomic mass. To select an alternative
strategy, giant anharmonicity of phonon scattering, giant
structural complexity, and low density are believed to
bring out the extremely low thermal conductivity in some
lightweight materials like Mg2Al4Si5O18.

IV. CONCLUSION

Equilibrium structures, bonding characteristics, mechan-
ical properties, and thermal conductivities of two cordierite
polymorphs, a-Mg2Al4Si5O18 and b-Mg2Al4Si5O18, are
predicted by first-principle total energy calculations. VCA
method is verified by comparison between theoretical and
experimental results. Crystal structure and chemical bond-
ing analysis indicate that isolated Mg atoms are loosely
bound with surrounding framework of Al/Si tetrahedra,
generally resulting in the decrease of thermal conductivity.
Elastic constants, polycrystalline moduli, Poisson’s ratio,
elastic anisotropy, and directional Young’s modulus are
discussed with respect to the crystal structure. Generally
speaking, a-Mg2Al4Si5O18 has slightly higher mechanical
properties than b-Mg2Al4Si5O18. Sound velocities, Debye
temperature, and Grüneisen parameter are derived from the
above parameters and are used to predict the temperature-
dependent lattice thermal conductivity of cordierite and its
minimum value by Slack’s and Clarke’s models. The
intrinsic lattice thermal conductivities of a- and b-Mg2Al4-
Si5O18 decrease with temperature as 804.6/T and 719.7/T,
respectively, and then approach the theoretical minimum
values at high temperatures. The present results and related
discussions suggest that the unique complex crystal
structure of cordierite plays a key role in decreasing the
thermal conductivity. Finally it is addressed that Mg2Al4-
Si5O18 is a promising lightweight ceramic with extremely
low thermal conductivity.
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