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Properties of negative thermal expansion β -eucryptite ceramics
prepared by spark plasma sintering∗

Li-Min Zhao(赵利敏), Yong-Guang Cheng(程永光), Hao-Shan Hao(郝好山)†, Jiao Wang(王娇),
Shao-Hui Liu(刘少辉), and Bao-Sen Zhang(张宝森)
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β -eucryptite powders are prepared by the sol–gel method through using tetraethoxysilane lithium nitrate and alu-
minum isopropoxide as starting materials. β -eucryptite ceramics are prepared by spark plasma sintering. The effects of
sintering temperature on the negative thermal expansion properties of the β -eucryptite are investigated by x-ray diffraction
(XRD), scanning electron microscopy, and thermal expansion test. The XRD results exhibit no change in the crystal struc-
ture of the sample prepared by different sintering processes. The negative thermal expansion properties increase with the
increase of the sintering temperature. The coefficient of thermal expansion of β -eucryptite ceramics sintered at 1100 ◦C is
calculated to be −4.93×10−6 ◦C−1. Crystallization behaviors of the ceramics may play an important role in the increase of
negative thermal expansion of β -eucryptite. High sintering temperature could improve the crystallization behaviors of the
ceramics and reduce the residue glass phase, which can improve the negative thermal expansion properties of β -eucryptite
ceramics.
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1. Introduction
In recent years, near-zero or controllable expansion

materials have attracted a great deal of attention due to
their potential applications in precision devices and instru-
ment equipments in high-tech systems, and microelectronic
or optical precision applications.[1–5] For example, negative
thermal expansion materials reinforced Cu matrix compos-
ites have wide applications in thermal management materi-
als, which are gradually becoming a hot issue.[6–8] These
near-zero or controllable expansion materials are mainly ob-
tained by designing their composite materials with posi-
tive and negative thermal expansions. Thus far, only a
few types of negative thermal expansion materials have
been prepared, including AM2O8 (A = Zr, Hf; M = W or
Mo), A2M3O12 (A = trivalent transition metal or rare earth),
cyanides M(CN)2 (M = Zn, Cd) and Ag3[Co(CN)6], fluo-
rides ScF3, phosphides NaZr2P3O12, vanadates ZrV2O7, β -
eucryptite, etc. Among the negative thermal expansion ma-
terials, β -eucryptite has attracted a great deal of attention in
recent years due to its stable nature in structure at room tem-
perature and negative thermal expansion in a wide temperature
range.[9–11]

Conventionally, solid state reaction is a common method
to prepare β -eucryptite powers. The synthesis process is sim-
ple, but there will be some impurities in the sample. The sol–
gel method has been considered to be a promising method of

preparing β -eucryptite powers with the advantages of high pu-
rity, lower sintering temperature, and high degree of homo-
geneity. Naskar and Chatterjee synthesized β -eucryptite pow-
ders through the sol–gel technique and investigated the sub-
stantial crystallization of β -eucryptite powders.[12] Some dif-
ferent sintering methods, including conventional sintering, hot
pressing sintering, glass-forming technique, and spark plasma
sintering, have been used to manufacture β -eucryptite ceram-
ics. The traditional method of preparing β -eucryptite ceram-
ics is the glass-forming technique.[13,14] This method includes
preparation of molten materials, shaping, and recrystalliza-
tion. Effects of the nucleating agent and crystallization be-
havior on the negative thermal expansion properties of the β -
eucryptite were investigated. However, the β -eucryptite ce-
ramics manufactured by this method are sometimes inhomo-
geneous, which fail to meet the rigorous requirements of appli-
cations. Conventional sintering is another method of preparing
the β -eucryptite ceramics. This method is simple, versatile,
and convenient. However, β -eucryptite ceramics prepared by
this method usually show low mechanical strength because the
expansion anisotropy causes micro cracking at the high sinter-
ing temperature. It is difficult to obtain dense β -eucryptite ce-
ramics at low temperatures.[15–19] The β -eucryptite ceramics
fabricated by spark plasma sintering are proposed as a solution
to these problems. The spark plasma sintering can lead to high
relative densities and homogeneous distribution. Much effort
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has been made to prepare the β -eucryptite ceramics with ex-
cellent negative thermal expansion performance via the glass-
forming technique and powders prepared by solid state reac-
tion followed by conventional sintering. Little attention has
been paid to the β -eucryptite ceramics via powders prepared
by the sol–gel method followed by spark plasma sintering.

In this paper, β -eucryptite ceramics are prepared by
the sol–gel method and followed by spark plasma sintering.
The microstructure and thermal expansion behavior of β -
eucryptite ceramics sintered at different sintering temperatures
are investigated by x-ray diffraction (XRD), scanning electron
microscopy, and dilatometer. The physical mechanism for the
improvement of thermal expansion behavior is also discussed.

2. Experimental section
β -eucryptite ceramics powders were synthesized via a

sol–gel method by using tetraethoxysilane (TEOS), lithium ni-
trates (LiNO3), and aluminum isopropoxide (C9H21AlO3) as
starting materials. The TEOS was first added into an equal
volume of ethanol and half the volume of distilled water, to
obtain the TEOS solution. A few drops of HCl were added to
adjust the pH of the solution. An aqueous nitrate solution was
prepared by mixing appropriate amounts of C9H21AlO3 and
LiNO3, and then added to the stoichiometric quantity of the
TEOS solution. The mixture was stirred at room temperature
to obtain a gel, which was then dried at about 70 ◦C to obtain
amorphous powders. These powders were then calcined in air
at 600 ◦C for 2 h.

The resulting powders were loaded into a 10 mm-
diameter graphite die, then a pressure of about 50 MPa was
applied. Then the temperature was raised separately to differ-
ent sintering temperatures (800 ◦C, 900 ◦C, 1000 ◦C, 1100 ◦C)
at a rate of 100 ◦C/min and was kept at the temperature for
5 min followed by slow cooling.

3. Characterization
The crystal structures of the samples sintered at differ-

ent temperatures were investigated by XRD (D8 Advanced,
Bruker, Germany) with Cu Kα radiation, scanning from 10◦ to
80◦. Temperature-dependent intrinsic (lattice) measurements
were carried out in a temperature range from room tempera-
ture (RT) to 800 ◦C using high temperature x-ray diffraction
(HTXRD) (D8 advance Bruker, Germany, equipped with a fur-
nace). The XRD spectra were analyzed by using Topas soft-
ware (Bruker). The microstructures of β -eucryptite sintered
samples were investigated by scanning electron microscopy
(XL30-FEG, Philips, Netherlands). Cross-sections of the
specimens were etched with approximately 5 vol.% HF so-
lution for 60 s to remove the glass phases for observing the
crystal distribution clearly. The negative thermal expansion

properties from RT to 800 ◦C were measured in air using a
dilatometer (LINSEIS DIL L75, Germany) at a heating rate of
5 ◦C/min in ambient atmosphere.

4. Results and discussion
The XRD patterns of β -eucryptite ceramics prepared by

spark plasma sintering at different temperatures are shown in
Fig. 1. As can be seen, the peaks correspond to β -eucryptite
(PDF#12-0709) and there is no visible signal of secondary
phases in the samples. The intensities of the major diffraction
peaks of β -eucryptite crystals increase initially with sintering
temperature increasing, which indicates that the relative con-
tent of β -eucryptite crystal increases with the increase of the
sintering temperature.

The calculated amount of the β -eucryptite phase in the
sintered body is determined by the integrated intensity of the
strongest peak of the β -eucryptite phase as a measure. The
degree of crystalline is evaluated from the following formula:

Xc =
∑i Ici

∑i Ici +KIa
,

where Xc is the crystalline degree, Ia is the integrated inten-
sity of the non crystalline phase, Ici is the integrated inten-
sity of the crystalline phase, and K (K = 0.963) is a constant
relating to the measurement condition. It indicates that the
relative crystalline degree of β -eucryptite increases consider-
ably from 64% to 88.2% as the sintering temperature increases
from 800 ◦C to 1000 ◦C and the relative crystalline degree in-
creases slowly from 88.2% to 89.2% as the temperature in-
creases from 1000 ◦C to 1100 ◦C, implying the near comple-
tion of the crystalline process.
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Fig. 1. (color online) XRD patterns of the surfaces of β -eucryptite ce-
ramics sintered at different temperatures.

The SEM images of cross sections of β -eucryptite ceram-
ics sintered at 800 ◦C and the etched β -eucryptite ceramics
sintered at different temperatures are given in Fig. 2. Fig-
ure 2(a) shows an SEM image for the cross section of β -
eucryptite ceramics sintered at 800 ◦C. It is difficult to observe
the grain distribution because the β -eucryptite ceramics have
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many glass phases. To remove the glass phases, the cross-
section of the sample is etched with HF solution. The porosity
in the β -eucryptite ceramic sample is observed after the glass
phase has been etched by the HF solution. The porosity num-
ber in the β -eucryptite ceramic sample decreases as the sin-
tering temperature increases. Compared with β -eucryptite ce-
ramics sintered at 800 ◦C, 900 ◦C, and 1000 ◦C, β -eucryptite
ceramic sintered at 1100 ◦C shows small porosity. This is
due to the reduced glass phase with the increase of the sin-

tering temperature. Furthermore, the average grain size of the

β -eucryptite ceramic sample increases as the sintering tem-

perature increases. When β -eucryptite ceramic is sintered at

800 ◦C, the average size of the grains is about 400 nm and the

grains distribute uniformly as shown in Fig. 2(b). When the

sintering temperature is higher than 900 ◦C, the grains begin to

grow up and the average size of the grains of the β -eucryptite

ceramic sintered at 1100 ◦C is about 1 µm.

(a) (b) (c)

(d) (e)

5 µm5 µm

5 µm5 µm

5 µm

Fig. 2. (color online) SEM images of cross sections of (a) β -eucryptite ceramics sintered at 800 ◦C and the etched β -eucryptite
ceramics sintered for 5 min at different temperatures: (b) 800 ◦C, (c) 900 ◦C, (d) 1000 ◦C, and (e) 1100 ◦C.

Figure 3 shows the relative length changes of β -eucryptite
ceramics measured from RT to 800 ◦C for the samples sin-
tered at different temperatures. It can be seen that the rel-
ative length change of the β -eucryptite ceramic sintered at
800 ◦C decreases with the increase of the measuring tempera-
ture when the temperature is lower than 400 ◦C, and then in-
creases when the temperature is higher than 400 ◦C. The origin
of the negative thermal expansion of β -eucryptite on the crys-
tal structure is closely related to the change of structure with
temperature.[20,21] Schematic diagrams of β -eucryptite struc-
ture plan and profile are shown in Fig. 4. The structures of β -
eucryptite involve tetrahedron clearance and octahedral clear-
ance. The Li atoms can occupy sites which are surrounded
by tetrahedron clearance or octahedral clearance. The occu-
pation possibility of these clearances depends on the temper-
ature. The Li atoms occupy tetrahedron clearance at about
room temperature. The octahedral clearance occupation pos-
sibility by Li atoms increases with the temperature increasing.
Some octahedral clearances of β -eucryptite are occupied by
Li atoms at higher temperatures. When octahedral clearance
is occupied by an Li atom, the (Si,Al)O2 framework around

this site is influenced by the occupying atom. The framework
in the immediate neighborhood of the Li atoms expands par-
allel to the a axis and contracts parallel to the c axis. The
occupied octahedral clearance number increases and then the
a axis increases and the c axis decreases with the temperature
increasing. The positive thermal expansion of the residue glass
phase can counteract the negative thermal expansion of the β -
eucryptite phase. The β -eucryptite ceramic sintered 800 ◦C
shows negative thermal expansion from RT to 400 ◦C. The
sudden positive thermal expansion from 400 ◦C to 800 ◦C is
possible due to a glass phase with obvious positive volume
expansion. The β -eucryptite ceramics sintered at 900 ◦C,
1000 ◦C, and 1100 ◦C exhibit continuous negative thermal
expansions in a large temperature range from RT to 800 ◦C
because of the decrease of the glass phase. Moreover, we
can also find that the negative thermal expansion property in-
creases with sintering temperature increasing. Compared with
other samples, β -eucryptite ceramic sintered at 1100 ◦C shows
a better negative thermal expansion property in the whole mea-
suring temperature range.

The coefficients of thermal expansion of β -eucryptite ce-
ramics from RT to 800 ◦C are calculated from the formula

096501-3
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α = (1/L0) · (dL/dT ), and the results are shown in Fig. 5. It
can be observed that the coefficient of thermal expansion of
β -eucryptite ceramics increases with sintering temperature in-
creasing, and it is −4.93×10−6 ◦C−1 for the sample sintered
at 1100 ◦C. The reason can be attributed to the crystallization
behaviors. High sintering temperature can improve the crys-
tallization behaviors of ceramics and reduce the residue glass
phase, which is favorable to enhancing the negative thermal
expansion of β -eucryptite ceramic.[22] The XRD analysis and
SEM results clarify this point and it is in agreement with the
HTXRD analyses.
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Fig. 3. (color online) Relative length changes of β -eucryptite ceramics
with temperature, measured from RT to 800 ◦C for the samples sintered
at different temperatures.

(a)

(b)

Fig. 4. (color online) Schematic diagrams of β -eucryptite structure:
(a) plan, (b) profile.

To confirm the intrinsic negative thermal expansion prop-
erty, we measure the temperature-dependent XRD patterns of
β -eucryptite powders sintered at 1100 ◦C and the results are
shown in Fig. 6(a). The XRD results exhibit no change of
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Fig. 5. (color online) Coefficient of thermal expansion calculated from
RT to 800 ◦C for the samples sintered at different temperatures.
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Fig. 6. (color online) (a) Temperature-dependent XRD patterns from
RT to 800 ◦C for β -eucryptite powders sintered at 1100 ◦C. Tempera-
ture dependence of (b) (200) and (c) (202) characteristic peaks.
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the crystal phase, but the angles of the diffraction peaks shift
with the increase of the measuring temperature. Figures 6(b)
and 6(c) show the temperature dependence of (200) and (202)
characteristic peaks. As seen in Fig. 6(b), the (200) diffraction
peak shifts toward a low angle with the increase of the measur-
ing temperature, which indicates that the lattice constant of the
a-axis is enhanced with the increase of the measuring temper-
ature; while the (202) characteristic peak shifts toward a high
angle with the increase of the measuring temperature, which
indicates that the lattice constant of the c-axis decreases with
the increase of the measuring temperature.

Figure 7(a) shows the thermal evolution of the lattice
parameters a and c of β -eucryptite powder calculated by
HTXRD in a temperature between RT and 800 ◦C. The a-axis
monotonically expands from 10.477 Å to 10.505 Å and the
c-axis monotonically decreases from 11.113 Å to 11.011 Å
when the measuring temperature increases from RT to 800 ◦C.
The calculated volumes at each temperature are shown in
Fig. 7(b). The volume decreases from 1057.5 Å3 to 1052.5 Å3

with the increase of temperature. It is the dramatic decrease
of the c-axis in the β -eucryptite that results in the negative
thermal expansion in volume. These results confirm the neg-
ative thermal expansion property measured by dilatometers.
The schematic of thermal expansion in β -eucryptite ceramic
is shown in Fig. 8. The two-dimensional expansion occurs
in β -eucryptite with the increase of temperature. Compared
with the a axis stretching, the c axis is forcibly pulled closer
together, which leads to a significant thermal contraction in

the c-axis direction.[20] The β -eucryptite structure is a stuffed
derivative of the high-quartz structure where half of the Si4+

ions are replaced by Al3+ ions and their charges are balanced
by Li+ ions. The thermal expansion behavior of β -eucryptite
is closely related to its structure.[23]
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Fig. 7. (color online) Changes of (a) lattice constants and (b) volume
with temperature.
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Fig. 8. (color online) Schematic of thermal expansion in β -eucryptite ceramic.

5. Conclusion

The β -eucryptite powders are prepared by the sol–gel
method, and the ceramics are prepared by spark plasma sin-
tering. The effects of sintering temperature on crystal struc-
ture, microstructure, and negative thermal expansion proper-
ties of β -eucryptite ceramics are investigated. The results
show that the negative thermal expansion property increases
with sintering temperature increasing. The coefficient of ther-
mal expansion of β -eucryptite ceramic sintered at 1100 ◦C
is −4.93 × 10−6 ◦C−1 from RT to 800 ◦C. The XRD and
SEM verify that the crystallization behaviors of ceramics in-
crease with sintering temperature increasing, which improves
the negative thermal expansion property of β -eucryptite ce-

ramic. This study provides an effective way to prepare the β -
eucryptite ceramics with relatively high negative thermal ex-
pansion performance.
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