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Strontium-substituted calcium magnesium silicate single crystals
for high-temperature piezoelectric applications

Hiroaki TAKEDA"', Hiraku KUSAKABE!, Haruki USUI', Takuya HOSHINA',

Takaaki TSURUMI! and Kheirreddine LEBBOU?

1School of Materials and Chemical Technology, Tokyo Institute of Technology, Meguro, Tokyo 1528552, Japan
2Institut Lumiére Matiére, UMR5306 CNRS, Universite de Lyon 1, 69622 Villeurbanne Cedex, France

We present a relationship between piezoelectric property and crystal structure in melilite-type crystals. Two
independent piezoelectric constants, di4 and dsg, increase and decrease with the polyhedral distortion, respec-
tively. Based on this knowledge, single crystals made of strontium-substituted calcium magnesium silicate
Ca,MgSi, 07 (CMS) have been submitted to the Czochralski method, which made them grown. The CMS crystal
has a high dss; however, its transition temperature is around 85°C. Therefore, the strontium substitution is
conducted to decrease this phase transition temperature. A single crystal of strontium substituted CMS, with
nominal chemical composition Ca; 7Sry3;MgSi,O; (CSMS30), shows no phase transition when temperature rises
from room to melting temperature. Its piezoelectric d’;; constant is 2.1 pC/N and its compressive strength is
830 MPa on crystal substrate with (ZX7)45° cut. The CSMS30 single crystal is a superior candidate material for

pressure sensors at high operating temperatures.
©2020 The Ceramic Society of Japan. All rights reserved.

Key-words : Silicate, Crystal growth, Piezoelectricity, High tfemperature

1. Introduction

High-temperature piezoelectric crystals are still highly
demanded due to their potential applications, such as gas
sensors, gas injectors, and combustion pressure sensors
(CPS). Among them, the CPS application is the one which
the special features of piezoelectric materials are more
demanded and the following five conditions need to be
satisfied: (i) no phase transitions (thermal stability of
piezoelectric properties); (ii) neglectable pyroelectric prop-
erties (only piezoelectric response is produced); (iii) high
resistivity (even at elevated temperatures) for long-term
charge holding; (iv) high mechanical strength for high-
pressure conditions; and (v) easy to be synthesized for
suitable mass production.

As the promising candidates for high-temperature use,
langasite La;GasSiO4 (LGS)-type crystals,? rare-earth
calcium oxoborate ReCasO(BOs); (Re =rare earth ele-
ments, ReCOB) crystals,” gallium phosphate GaPO4,*) and
AIN, as well as its modified crystal® or thick films®® have
been investigated during the last two decades. In the past
decade, Ba,TiSi,0s,” a-Ba,TeM0,0,,!? BiyTi3015,') -
BiB;04'? and melilite-type crystals, such as Ca,ALSiO;
(CAS)'™ and SrLaGa;0;'¥ have been reported as promis-
ing materials. These crystals, however, do not satisfy all
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the conditions listed. CPS made of langasite-type crystals
has been attempted to be developed for practical applica-
tions until now.

The CAS crystal does not satisfy the condition (iv) of
our survey prior to this study. Melilite-type crystals belong
to the tetragonal P42,m space group. A crystal with P42,m
symmetry has two independent piezoelectric constants (d}4
and d3¢) in shear mode. On the other hand, in compression
mode, piezoelectric responses can also be obtained from
using crystal substrates with both (XY7)6° and (ZX7)6°
rotation cuts, respectively.'?»'9 As d4 is always higher
than d3¢ with respect to crystals, compressive strength of
the (XY7)45° cut, showing the highest dj4 value in the
CAS crystal, was measured in our previous study.!” The
compressive strength of 140 MPa is, however, insufficient
for practical applications. This low strength is achieved
because the melilite-type crystals have a distinct cleavage
plane, which is normal to the crystallographic c-axis,
which corresponds to the crystallographic {001} plane.
This cleavage plane agrees with the direction of shearing
stress on the (XY7)45° cut, causing low mechanical
strength.

A possible way to find another candidate is to focus on
ds on the (ZX1)45° cut. Single crystals of calcium mag-
nesium silicate Ca;MgSi,O; (CMS), also known as the
mineral akermanite, are grown from a melt with stoichi-
ometric composition by employing the Czochralski (Cz)
method.'®1” The CMS crystal shows high d34, above
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4pC/N,'"” however, a commensurate-incommensurate
phase transition occurs around 85°C,>Y when the dsg
value drops. Although the strontium substitution into
CMS decrease the phase transition’s temperature,>!) no
report about substitution effect on piezoelectric property
have been conducted. Moreover, a relationship between
the piezoelectric property and crystal structure may indi-
cate how strontium substitution affects this property of the
melilite-type crystals.

In this paper, we first report a relationship between pie-
zoelectric property and crystals’ structure in melilite-type
crystals. Phase transition temperature change is presented
using Sr-substituted CMS crystal powders. We demon-
strate the material’s applicability to high-temperature pie-
zoelectric sensors by showing the sufficient piezoelectric
property and mechanical strength of Sr-substituted CMS
single crystals grown with the Cz method.

2. Experimental

The data of piezoelectric property and structural param-
eters of melilite-type crystals was collected.!#-19-22-28)
Crystal growth experiments were conducted using both
the Cz and the laser-heated pedestal growth (LHPG) meth-
0ds.?” Prior to the Cz method, the LHPG method was
applied as it is able to determine their optimum compo-
sitions for bulk growth. The growth speed and atmos-
phere were 0.3 mm/min and air, respectively and the
detailed process is described in the Refs. 17), 29). Stoichi-
ometric amounts of oxides and carbonates with 99.99%
purity, corresponding to Ca,_,Sr,MgSi,O; (x = 0.00-0.6:
CSMS100x), were prepared and calcined at 1350-1390 °C
for 4 h in air. We, afterwards, shaped the ceramics into rods,
which were used as charge and seed rods for the LHPG
method, with dimensions of 1.0 x 1.0 x 3040 mm. The
as-grown crystals were polished, and their chemical com-
position was, afterwards, determined by electron probe
micro analyzer. The crystals were also pulverized, and used
for differential scanning calorimetry (DSC) measurement.

Based on the LHPG growth’s results, CSMS10 and
CSMS30 single crystals were grown by the Cz method.
Single crystals were also grown with a conventional RF-
heating Cz technique, using an iridium crucible (50 mm in
diameter and height). The raw materials were the same
powders as those used for the LHPG method. They were
mixed in air, calcined at 1350°C, and charged into the
crucible. The growth atmosphere with low oxygen partial
pressure was achieved by flowing an argon gas at 1073
m?/min. The initial seed for CSMS10 was a CMS ceramic
bar. The grown CSMS10 crystal was cut along a-axis after
orientation determination using a back scattering Laue
X-ray diffraction and used as the seed crystal for further
growth. The pulling rate and the rotation rate were 1.0
mm/h and 10 rpm, respectively. Phase identification of the
as-grown crystals was performed by powder XRD, and the
crystal density was calculated using lattice parameter and
chemical composition.

The electric resistivity p at room temperature was mea-
sured. Electroacoustical constants (the dielectric, piezo-

electric, and elastic compliance constants) of single crys-
tals made of CSMS10 and CSMS30 were determined with
Agilent 4294A Impedance/Gain Phase Analyzer as indi-
cated in Refs. 15), 16), 30). We fabricated equivalent
(ZX1)45° cut plate resonators with dimensions of 12 x 3 x
0.8 mm. This study is focused on the piezoelectric constant
d'3; expressed by the equation d'3; = dsg sin 26/2 using
the piezoelectric modulus dsg and the rotation angle 6.
Furthermore, d’;; was evaluated by measuring resonant
and anti-resonant frequencies of the resonators in the
length-extensional mode. Moreover, the temperature de-
pendences of the CAS crystals’ d’;; were compared to
those of the langasite family crystals [Ca3TaAl;Si;O44
(CTAS),Y Ca;TaGasSiO14 (CTGS),” LGS,*Y LasTags-
GassOy4 (LTG),?D and Al-doped LTG (LTGA)?-*D] and
YCay0O(BO3)3(YCOB) crystal.¥)

Compression tests were conducted as reported in
Ref. 17) to determine the compressive strength of the crys-
tal substrates with a compression tester (Shimazu EZ-LX).
In this study, the procedures were set according to JIS
R1608.3? 20 samples of (ZX7)45° cut were fabricated in
the form of rectangular parallelepipeds with dimensions of
1 x 1 x 2.5mm. The load speed was 1 mm/min. We com-
pared the compressive strength of the (ZX7)45° cut of the
CSMS30 crystal and that of the (XY7)45° of the CAS
crystals.

3. Results and discussion

In the melilite-type crystal structure, three types of
cation sites exist and the chemical formula can be repre-
sented as A(T1)(T2),0;, where the notation A represents
8-coordinated sites and T1 and T2 represent crystallo-
graphically independent tetrahedral sites as shown in
Fig. 1. In our previous report,”> the piezoelectric constant
di4 and the polyhedral distortion A for the 8-coordinated
A site of CAS crystal are reduced by Sr-substitution. A is
defined as A = (1/N) Y ,[(Ri — R) /R]’, where N is the
coordination number, R; is the individual bond length, and
R is the average bond length.’® The report indicates how
to find a relationship between piezoelectric property and
crystal structure in melilite-type crystals.

Figure 2 shows the piezoelectric constants, dj4 and dse,
versus the polyhedral distortion A for the A4 site. diy
increases with A, on the other hand, dsq slightly decreases.

ap

O4 N tetra.v A T2 tetra.

Fig. 1. A schematic crystal structure of melilite.

131



| JCS-Japan

Takeda et al.: Strontium-substituted calcium magnesium silicate single crystals for high-temperature piezoelectric applications

10

| > 8.-0
~ /‘/‘
8t L~
§_ i _.~T dyy
<ol _— T A
= o
£ af .
N R
é 2t \"0~\d36
& AY BREe S ]
L . ‘~~~
0 1 1 1 1 1 |
20 30 40 50 55

Polyhedron distortion A (magnified by 10%)

@0 (Ca,MgSi,0, [1°*) MO CayAl,SiO, 2223]

g8 CaSrALSiO; 21 €O BalLaGa,0, [1420]
AA Ca,Ga,Si0, 19271 %8 SrlaGa,0, [1428]
YV CaNdGa;0, 24281 @ 0 SrNdGa;0, 24281

Fig. 2. Piezoelectric constants, d;4 and ds¢, versus the structural
distortion A of the 4 site in melilite-type crystals. The numbers
in superscript square brackets following the chemical formula
correspond to those indexed in the references.

The reason for that behavior is still under investigation
by using Ab initio calculation. This study is focused on
the piezoelectric d’3; constant, originated from dsg, as the
(XY$)45° cut showing d'3;, originated from dy4, has low
mechanical strength. Moreover, d’s; should be comparable
to dy; (2.20 pC/N3¥) of quartz crystal, which is usually
employed for conventional combustion pressure sensor
materials. We have focused, therefore, on the CMS crys-
tal with high ds¢ and modified the crystal by element
substitution.

All the grown CSMSI100x crystals produced by the
LHPG method were composed of melilite-type crystal
without any impurity phases. Fig. 3 shows DSC curves for
CMS and Sr-substituted CMS crystals during cooling
process. The curves of the CMS and the CSMS05 have
a distinct exothermal peak at 82 and 57 °C, respectively.
On the other hand, the curve on the CSMS10 has a blunt
peak around 24 °C. These temperatures values are in good
agreement with reported incommensurate-commensurate
(normal) phase transition temperatures,”!) even though no
peak was observed on the CSMS30 case. This means that
the CSMS30 crystal does not show abrupt change of
piezoelectric constant with the elevating temperature, a
benefitting feature for applications.

Based on these observations, CSMS10 and CSMS30
single crystals were grown by the Cz method. Both were
successfully grown by pulling them along the (100) direc-
tion. The single crystals had 18-20mm in diameter and
40-70 mm in length. The crystals showed a smooth surface
and were transparent. No cracks and twins were found
under polarized optical microscopic observation.

In the melilite-type crystal with the point group 42m, the
total number of electroacoustical constants is 10, includ-
ing two dielectric &;;, two piezoelectric djj, and six elastic
compliance s; constants. Table 1 shows the calculated
mass density, the electromechanical coupling factor, and
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Fig. 3. DSC curves for Ca,_,Sr,MgSi,O7 crystals with x = 0.0,
0.05, 0.10, and 0.30, abbreviated as CMS, CSMS05, CSMS10,
CSMS30, respectively. The data was collected during cooling
process.

Table 1. Mass density, Electromechanical coupling factor and
materials constants of (Ca,_,Sr,)MgSi,O7 crystal with x = 0.30
(CSMS30), measured at room temperature (25 °C)

Crystal density® [g/cm?] D, 3.06
Electromechanical coupling factors k'3,° 0.10
Elastic compliance constant [1072m?/N] s33F 6.71

. . d'3"° 2.11
Piezoelectric constants [pC/N] da 42
Relative dielectric constant [—] £137/€ 7.60

Calculated density using lattice parameters and chemical composition.
bVibration mode: Length-extensional (transverse effect), crtstal substrate:
(ZXt)A5° cut.

some electroacoustical constants of the CSMS30 single
crystal. These constants were obtained using (ZXt)45°
cuts. d’3; value is 2.11 pC/N, similar to the d;; of quartz
crystal (already mentioned). As the d’3; constant indicates
an electrical charge generated by normal compression
stress, the d’3; value of the (ZXt)45° cut of CSMS30 is
applicable to high-temperature pressure sensors. At room
temperature, the electric resistivity o of the CSMS30 crys-
tal exceeded a measuring limit (over 10'> Qcm at least).
Shen et al.'”) reported that the p at 250°C of the CMS
crystal is in the 10'2Qcm order while, at room temper-
ature, it could not be measured due to ultrahigh values. In
this study, we substituted Ca>* by Sr** in the CMS crystal.
This substitution maintains charge neutrality of the CMS
crystal and may slightly affect electronic conduction. As a
result, the CSMS crystal should have high electric resis-
tivity, satisfying the condition (iii).

Figure 4 shows the temperature dependence of the
piezoelectric constant d’3;(= 1/2 ds6) obtained at (ZX7)45°
cut of the CMS and Sr-substituted CMS crystals. The data
of CMS are reported in Ref. 19). We determined the d’5,
by the resonance and anti-resonance method. For this
method, it is essential to eliminate the effects of parasitic
capacitance; therefore, the coaxial cables were located
close to the furnace. On both the CMS and CSMS10 crys-
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Fig. 4. Piezoelectric d’3; constants as a function of temperature
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of CMS is referred to that reported in Ref. 19).
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Fig. 5. Relative piezoelectric constants as a function of tem-
perature for Ca,_,Sr,MgSi,O; with x = 0.30 (CSMS30) crystals
compared with other high-temperature crystals. The abbrevia-
tions of the crystals correspond to those in the main text. A dash
line of YCOB is calculated using the data reported in Ref. 3).

tals, d’3; values dropped approximately when phase transi-
tion was reached and increased with temperature. On the
other hand, d’;; values of the CSMS30 crystal monoto-
nously and slightly increased with temperature.

The temperature dependence of CSMS30 crystal’s d’s;
was compared with dj; of other high-temperature piezo-
electric crystals,”>*!) as shown in Fig. 5. In this figure,
d;* represents the ratio of the d;; at the measurement
temperature and at room temperature (25 °C). d;;* values
increased with temperature among the langasite family of
crystals and the YCa,O(BOs); crystal presented the largest
variation of all crystals. The CSMS30 crystal exhibited a
change in dj* with temperature of about 300 ppm/°C,
which is still comparable to that of La;Ta;sGassO4 and
La;Tag sGasAly sO14,3> (the most promising candidates for
CPS nowadays).

1000
L. CSMS30 (ZXr)45° S
300 tress
= /4
2 600
2
8 400
2 ﬁ
200
Stress
1 ]
0 8 10

Strain (%)
Fig. 6. Typical stress—strain curve for the (ZX7)45° cut of

CSMS30 crystal. The stripes in the schematic samples corre-
spond to the cleavage plane {001}.

Figure 6 shows the stress—strain curves for the crystal
substrate (ZX7)45° of CSMS30. The compressive strength
of the CSMS30 crystal was 830 MPa, approximately five
times higher than that (170 MPa) of the (XY7)45° cut of Sr-
substituted CAS crysal.'” The stress—strain curve before
destruction were also similar to the previous report.!” The
compressive strength of LasTay sGas 5O 4-based crystals is
more than 1000 MPa.’® Measurement conditions, such as
sample shape, and the load speed in the Ref. 35) were
quite different from that in this study, according to JIS
R1608.? It was reported that the maximum combustion
pressure in a petrol engine is approximately 20 MPa.3®
Taking this into account, the compressive strength of
(ZX1)45° cut of the CSMS30 crystal is high enough; there-
fore, the obtained results suggest that the CSMS30 crystal
is a candidate material for manufacturing pressure sensors
subjected to high temperatures. Furthermore, CSMS30
crystals are composed of more common elements (Ca, Mg,
Sr and Si) when compared to La;Taj sGas 50 4-based crys-
tals. The CSMS30 crystals can be, therefore, widely used
in various piezoelectric devices under high-temperature
conditions.

4. Conclusion

We found that two independent piezoelectric constants,
dy4 and dsg, in the melilite-type crystal increase and de-
crease with polyhedral distortion, respectively. The crystal
growth of Sr-substituted CMS was, therefore, performed by
using the LHPG and Cz methods. The Ca; ¢Sry;MgSi,O5
(CSMS10) and Ca; 7Sty 3MgSi,0; (CSMS30) single crys-
tals were successfully grown. CSMS30, in particular,
shows no phase transition up to its melting temperature, the
piezoelectric property comparable to that of quartz, and
high compressive strength are sufficient values for appli-
cation scenarios. As these findings succeeded in overcom-
ing the shortages of the melilite-type crystals, CSMS30 is
able to become an attractive candidate for pressure sensor
applications at elevated temperatures.
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