
1．Introduction

Thermal expansion is a fundamental property of a material. 
The coefficient of thermal expansion (CTE) varies greatly 
among materials, ranging from 10 to 30 ppm/K for metals, 
50 to 200 ppm/K for plastics and resins, and 1 to 25 ppm/K  
for ceramics and glass. Thermal expansion has long been 
used for a wide range of purposes, from consumer to 
industrial applications, such as thermometers and bimetals. 
However, problems such as the elongation of railroad rails 
and the destruction of tableware through thermal shock are 
also widely known. In recent years, slight thermal expansion 
has become a problem in areas such as optical devices and 
semiconductor manufacturing, where precise positioning and 
dimensional control of components are required. In devices 
that combine multiple materials, differences in the CTE of 
each material can lead to serious problems such as interface 
delamination and wire breakage1). Therefore, various near-
zero thermal expansion materials and thermal expansion 
control technologies have been studied. Invar alloys2), 
glass3), cordierite4,5), etc., are widely known to exhibit near-

zero thermal expansion in a single phase and are applied in 
industrial and consumer products6). However, for materials 
in which control of the CTE is difficult in the single phase, 
thermal expansion can be suppressed by compositing with 
filler materials having a low CTE7). In particular, materials 
with a negative CTE, which shrink as the temperature 
increases, can be used as filler materials because it is 
expected that at low loadings, they can cancel the thermal 
expansion of the structural material, thereby controlling only 
the thermal expansion rate while maintaining the properties 
of the base material8-14). Since the 2000s, many important 
materials with negative CTE have been reported, and the 
field has gained new momentum15). Our research group 
reported Zr2SP2O12 as a new material. Zr2SP2O12 has 
a wide temperature range and a low CTE because of 
multiple shrinkage mechanisms. Therefore, it is considered 
an industrially promising material. This study introduces 
Zr2SP2O12 and related materials.

2．Mechanism of negative thermal expansion

2.1　Phase transition-type mechanisms
The main mechanisms of negative CTE can be classified 

into phase transitions and framework-type. The phase 
transition-type is based on the volume change before 
and after the phase transition (Fig. 1 ) 14 ). Generally, 
phase transitions and volume changes occur at specific 
temperatures. However, the partial substitution of elements 
(or introduction of defects) into a material leads to a volume 
change within the temperature range. The phase transition-
type pertains to a negative thermal expansion material that 
undergoes this volume change.

【Figures and illustrations】Figures and illustrations published in black and 
white in the journal can be seen in color at our public website 「J-STAGE」. 
Please make use of it.
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Abstract
Materials with a negative coefficient of thermal expansion (CTE) have been actively studied for compositing with materials with a high CTE 
to control the CTE. Negative thermal expansion in Zr2SP2O12 operates via two main unique mechanisms: phase transition (373–453 K) 
and framework-type (303–373 K and 453–773 K). Zr2SP2O12 is a promising material in this research field because of its relatively low 
CTE over a wide temperature range. This study describes the mechanism of shrinkage of Zr2SP2O12 and introduces control of the CTE by 
elemental substitution of the Zr sites.
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