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Grain oriented crystallization, piezoelectric, and pyroelectric properties
of (Ba,Sr,_,)TiSi,Og4 glass ceramics

Jianping Zhang, Burtrand |. Lee, and Robert W. Schwartz
Department of Ceramic and Materials Engineering, Clemson University, Clemson, South Carolina 29634

Zhenya Ding
Beijing Graduate School of Wuhan University of Technology, Beijing 100024, China

(Received 3 March 1999; accepted for publication 16 March 1999

Polar, nonferroelectric (B&r,_,) TiSi,Og glass ceramics with highly oriented crystallites were
prepared by a gradient temperature heat treatment technique. The crystallization mechanism and
microstructures of (Bgn,_,) TiSi,Og glass ceramics were investigated by means of differential
thermal analysis, x-ray diffraction and scanning electron microscopy, and the dielectric,
piezoelectric and pyroelectric properties were investigated for various compositions. The results
show that polar (Bgr, ) TiSi,Og glass ceramics have a low dielectric constant and a high
hydrostatic figure of meritl, X g,= ~2500. This high hydrostatic figure of merit, along with other
unique characteristics, such as no aging or depoling problems and good stability at high
temperatures, high pressure, and in harsh environments, makgsr{BaTiSi,Og glass ceramics
attractive for use as hydrophones and high temperature infrared detectors99®American
Institute of Physicg.S0021-89709)06712-3

I. INTRODUCTION be polar in nature. Because of the requirements of the main

Piezoelectric ceramics attract a lot of attention becausgryStaI phase and need for glass formation, the glass system
. . . XBaO-(2-x)SrO-TiO,—3Si0, (BSTS was selected. SiD
these materials have been used for various electronic deg-

. ) . Shanghai Chemical Cpwas used as the glass former and
vices, particularly electromechanical actuators and sensor: : .

) . . . i0, (Beijing Chemical Co., P. R. Chinacted as the nucle-
Different perovskite systems, such as barium titanate

(BaTiO;) and lead zirconate titanat®ZT) have been suc- atlpg agent. BaCgand SrCQ (Beijing Chemical CO.".P' R.
Ching were used to promote the growth of B _,TiSi,Og

cessfully developed to meet the needs of numerous . ; o

L : . . polar crystallites during the glass crystallization. The glasses
applications: Usually, these piezoelectric ceramics are pre-. . L ?

o . : in the present study were obtained by mixing and melting the

pared by the sintering of the ceramic powders, which leads to : . : . 2 :

; . : ; above starting materials with different ratios in a platinum

a polycrystalline microstructure. The resulting ceramics are

: . g . . crucible at 1480 °C for 10 h. Transparent cylindrical glass
macroscopically isotropic after cooling below the Curie tem- . . .

L S . samples with a diameter of 3 cm and a height of 2 cm were

perature, and exhibit no directional behavior such as macro-,_ . : . :

L o . ._obtained by pouring the melt into a preheated graphite mold.

scopic piezoelectricity or pyroelectricity, unless the ceramics 2

. . . .. After the top and bottom surfaces of the cylindrical samples

are polarized to make them active under an electric field. ) .

i . e ; were carefully polished, the samples were put on a gradient

However, piezoelectric materials inevitably face aging prob-

lems associated with domain wall movement after the polin temperature hot stage for grain-oriented crystallization. In

process. The aging of the materials leads to a degradation o he gradient temperature hot stage, the polished botFom ends
of samples were placed on an,@; substrate at which a

gﬁeth‘zegg\ifgsmc and pyroelectric properties, and the fallur(?naximum temperature of 1020 °C was maintained, and a

In order to avoid this problem, a novel ideaas pro- temperature gradient of 300 °C was achieved along the

posed to prepare piezoelectric and pyroelectric materialgamples throug a 3 cm distance. At the beginning, the

which do not require poling. Halliy3lexplored the possibil- Samples started to crystallize on the bottom surface and then

ity of preparing grain-oriented materials with piezoelectricCryStamzatlon proceeded inside the samples slowly. After

and pvroelectric proerties and obtained some positive ret_he 15 h crystallization, highly oriented glass ceramics were
Py prop P btained® Subsequently, the samples were cut into 2 mm

sults. This article reports research on polar, grain-oriente§1ick disks for property measurements
glass ceramics in the systetBaO—2—x)SrO—TiO,—3Si0,. property '

Results are presented on the crystallization mechanism, grain o
oriented growth, and piezoelectric and pyroelectric properB. Sample characterization

ties of these materials. The crystallization behavior was determined by a CR-G
DTA analyzer at different heating rates with Al ,O; pow-
Il. EXPERIMENT der as a reference. The crystalline phases in the glass ceram-

ics were identified by a D/max-1V polycrystalline diffracto-
meter. An ASM-SX scanning electron microscope was used

In order to possess piezoelectric and pyroelectric propto examine the microstructure and grain orientation of the
erties, the main crystalline phase in the glass ceramic mu&STS glass ceramics.

A. Glass formation and grain-oriented growth

0021-8979/99/85(12)/8343/6/$15.00 8343 © 1999 American Institute of Physics
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TABLE |. Crystallization peak temperatufi, at different heating rates for
the glass-ceramic system 1.8 BaO—0.2 SrO-,F®SIO,.

Heating rate
(°C/min) 1 2 5 10 20

Tm (°C) 812 827 842 862 878

Temperature difference

wherey(t) is the fraction transformed from the amorphous

) phase to the crystalline phase at titna represents the crys-

. ! . . . . . . . tallization index, anK is a function of temperature and can

800 700 800 800 1000 1100 be defined ask = A exp(—E/RT). Based on the above equa-
Temperature (°C) tion and DTA curves obtained at different heating rates, two

¢ more useful equation'*can be derived as

FIG. 1. DTA curve of(Ba, gSI, ») TiSi,Og glass ceramic at a heating rate o
20 °C/min.

1
_+Cl! (2)

|OgAT: - 4—57XT

For dielectric, piezoelectric, and pyroelectric propertyand

measurements, samples were cut from cylindrical glass ce-

ramics normal to the direction of the temperature gradient. 109H=—7==X7+Cs, ()
Gold electrodes were deposited on the samples via sputter- _ "o o .

ing. The piezoelectric coefficierds; was measured with a whereE is thq crystallization _actlvatlon energ;&,T is the
quasistatic piezoelectridz; meter (Model ZJ-2.° The di-  témperature difference at a given temperafliia the DTA
electric constant and dielectric loss were measured using &f/rve shown in Fig. 1T, is the crystallization peak tem-
HP 4192A impedance analyzer, and the piezoeleadgc Perature of the DTA curve at different heating ratésand
constant, electromechanical planar coupling faépy and C, andC; are constants. _
thickness coupling factok,, were calculated from the The crystallization peak temperaturds, at different

admittance—frequency curves. The pyroelectric coefficienf'€ating ratesd, are listed in Table I. Several sets Bfand
ps was measured by a modified glass method. AT values were obtained by selecting several points around

the exothermic peak of the DTA curve in Fig. 1. Subse-
quently, after plotting lo@\T vs 1/T, and logH vs 1T,
(Figs. 2 and 3 the crystallization activation enerdy, and
the crystallization index were calculated from the slopes of
A. Crystallization mechanism and grain orientation the two plots as:

growth
E=238.3 kd/mol, n=2.9
Among the 32 point groups, only the 20 noncentrosym- . 4o . .
metric, polar crystal systerhsnay demonstrate piezoelectric According to T_abl_e IF* which I_|sts the relat|onsh|ps_ be—_
dween the crystallization mechanisms and crystallization in-

behavior. Of these 20 groups, only ten groups are pyroelec-. L
group y group Py nd|ces, and the calculated crystallization index of BSTS glass

tric, i.e., they demonstrate a spontaneous polarization:. , lude that the BSTS al ;
Based on this criterion, in order to possess piezoelectrigeram'cs' we can conclude that the glass ceramics

and pyroelectric properties, the main crystallites of the gIaSg:xperienced a crystallization process controlled by interface
ceramics must be spontaneously polarized. In this work,
the polar, noncentrosymmetric fresnoite crystal phase
(Ba,Sr,_,)TiSi,Og, tetragonal space grouptbm, was cho-
sen as the main crystalline phase by using the proper starting
materials. I
In addition to the requirement of a polar crystalline o4
phase, the nucleation and growth behavior of the glass ce-
ramics, as well as the spatial distribution of the polar crys-
tallites will have a significant effect on the piezoelectric
and pyroelectric properties of BSTS glass ceramics. In 20} .
order to examine the crystallization mechanism, differential
thermal analysis (DTA) curves for the composition 18
(Bay gS1p9)TiSi,Og (x=1.8) at heating rates of 1, 2, 5, 10, r
and 20 °C/min were obtained. Itis well known that the nucle- ~ *¢p ‘ . "
ation and growth behavior of glasses can be described by the 1130 1135 1140 1445 1450 1455 1.160
Johnson—Mehl-Avrami equatich® 103/T (o)

Ill. RESULTS AND DISCUSSION

2.6 -

log AT

y(t)=1—exp —KXxt"), (1) FIG. 2. Plot of logAT vs 11T.
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(surface with a fixed number of nuclei. This result agrees 20 (degrees)

with our experimental observations. It was found that the

samples started to crystallize at the surface and the crystall®G. 4. XRD powder patterns of BSTS glass ceramics with different BaO
zation proceeded inside the samples along the direction dfelar fractions.

temperature gradient. On the other hand, because of a certain

amount of nucleating agent in the BSTS glass ceramics such Figure 6 shows scanning electron microscoiSEM)
as TiQ, a major nucleating agent, it is reasonable 10 CONyygq sectional microstructures of BSTS glass ceramics at
sider the number of nuclei as a fixed number. This conCluyjferent heat treatment conditions for the composition
sion is useful to control the crystal size by controlling the(Bal «St.») TiSi,0s. Figure a) shows a sample wit5 h heat
density of nucleation sites via the inclusion of nucleatingyeatment in the gradient temperature. It is clear that this
agents such as TiQin the glass systems. sample is not fully crystallized and the piezoelecttig con-
Figure 4 shows the x-ray powder diffraction patterns forg;ont is low (0.8 107 12C/N). After a longer time8 h) heat
different compositions after a 15 h full crystallization at a treatment. the sample shown in Figbpdemonstrates more
temperature of 1020 °C. It |s_noted that all of the samplegyensive nucleation and growth and relatively higher piezo-
with different compositionsx=0.2, 1.2, 1.4, 1.6, 1.8, and electric dg; constant (5.5 10" 2C/N) in comparison to the

2.0, showed a single phase structure. The main crystal phaggst sample, but the crystallization is still incomplete. Figure
was identified as the fresnoite-type (8& ) TiSi,Og polar

crystal phase. It is believed that the BSTS system exhibits
solid solution behavior and all phases such agTii,Og,
SiTiSi,Og, and (BaSr,_,) TiSi,Og have the same crystal
symmetry. Therefore, these samples all show the same basic
XRD pattern.

The surface XRD patterns taken normal to the gradient
temperature for samples with different compositions after 15
h gradient heat treatments are shown in Fig. 5. It is found
that the (002 peak is the strongest for all samples, which
indicates that the (B&r,_,)TiSi,Og crystallites grow with
the C axis parallel to the temperature gradient.

(002)

x=1.8 (201)

Intensity

(002)

x=0.8  (201)

TABLE IlI. Crystallization mechanisms and crystallization indexafter

a
Marottaet al,). (002)

Crystallization

Crystallization index
mechanisms n
L N 1 " [ 1
Crystal growth controlled Constant nucleation rate 4 15 20 25 30 35 40
by interface Fixed number of nuclei 3
Crystal growth controlled Constant nucleation rate 5/2 20 (degrees)
by diffusion Fixed number of nuclei 3/2
FIG. 5. XRD patterns of glass-ceramic surfaces normal to the temperature
aSee Ref. 14. gradient for BSTS samples with different BaO molar fractions.
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FIG. 7. Compositional dependence of the dielectric constant and dielectric
loss of BSTS glass ceramics after 15 h heat treatment.

effect of composition observed. However, the dissipation
factor decreases slightly from 0.08 to 0.05 when the value of
X is increased from 0.0 to 2.0. It is believed that the similar
dielectric properties for the different compositions are attrib-
utable to the similar crystal structures of these materials as
shown by the XRD patterns in Fig. 4. The compositional

20413 250 GTEVTHN " . ' dependencies of the piezoelectrig; constant and the planar
coupling coefficientk, are shown in Fig. 8. The maximum
(c) 12-hour heat treatment (d) 15-hour heat treatment ds; value was found to be 2610 '2C/N when the BaO

= -12 .
(d5=108x10"* C/N) (dyy=16x10"* C/N) molar fractionx=1.8. However, thé, decreased from 10%

FIG. 6. Cross-sectional SEM micrographs of BSTS glass ceramics in théo 7.6% when thex value increased from 0.0 to 2.0. The
system 1.8Ba0-0.2SrO-Tj@3Si0; (@) 5 h, (b) 8 h, () 12 h, and(d) 15  change of theds; and k, values may be caused by the
h heat treatments. The temperature gradient direction is along the verticgubstitution of B&" by SP" in the solid solution. When
direction in the micrographs. Ba®" (larger radius is replaced by S (smaller radiuj

the crystal structure will contract from BESIi,Og to

Ba S, TiSi,Og. This slight distortion of the crystal struc-
ture may lead to the change of the piezoelectric properties,

x10"2C/N), but a large amount of amorphous materiaIWh'Ch are known to strongly depend on the crystal structure.

. . : S Figures 9 and 10 show representative admittance—
il exi round the cr llites. This indi hat th -
still exists around the crystallites s indicates that t efrequency curves for the composition 1.8BaO-0.2SrO-

crystallization process is still not complete after 12 h of heatl_io 35i0, from which the piezoelectric constady,, pla
2= 1 -

treatment. The sample in Fig(d shows excellent grain ) ) :
orientation with a grain size of 5—im after a 15 h gradient nar coupling factokp, and thickness coupling factéy were
btained. The hydrostatic constaidisandg;, can be calcu-

temperature heat treatment. The columnal crystallites in th[%tted by the followina equations:
sample formed a dense microstructure with only a smal y 9 €q )
amount of amorphous phase among the crystallites. This

6(c) (12 h heat treatmenshows small crystallites with good
orientation and higher piezoelectrid;; constant (10.8

sample showed the highest piezoelectlig constant (16 16
X 10~ 12C/N) among the four samples. These results indicate 1%
that the piezoelectrid;; constant is strongly dependent on
the volume fraction of the oriented fresnoite phase and the "2 ~
orientation of (BaSr,_,)TiSi,Og crystallites in the glass _ A R /
ceramics. §, 8_/./___,,/-/ 1% g
B. Dielectric and piezoelectric properties B 1
Grain-oriented BSTS glass ceramics with different com- ¢ \ N ;
positions in the systenxBaO-(2—x)SrO-Ti0—3Si0O, \'——-——-——.\,\. 1s
were prepared, and the dielectric and piezoelectric propertie: o - .
were measured as a function of composition. Figure 7 shows 0.0 04 08 12 16 20
the dielectric constant and dielectric loss of BSTS glass ce- BaO molar fraction X

ramics at room temperature for different compositions. It is . . , -
. . . " FIG. 8. Compositional dependence of the piezoelectric charge coefficient
noted that the dielectric constant for different composmon%ss and electromechanical thickness coupling fagipafter 15 h heat treat-

from x=0.2 to x=2.0 is about 10—12 with no significant ment.
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TABLE Ill. Piezoelectric, pyroelectric properties of BSTS glass ceramic,
PZT ceramics, and P\ViFpolymer.
12 |
Properties BSTS glass ceramics PZT-5 RVF
@ K 10-12 1800 13
& dax(10 2 CIN) 10-16 450 30
= d3; (1072 CIN) 1-1.4 -205 -18
- dn(10 *2CIN) 12-16 40 10
g 033(1073 V m/N) 110-130 28 250
g gn(1073 V m/N) 130-160 25 100
2 dpX gn(10™ B m2/N) 1560-2560 100 1000
k; (%) 30-32 49 19
kp (%) 4-105 34 11.7
02l ' . . . . . . . . P5 (uCIm?K) 41-58
4 6 8 10 12
' Frequency (MHz)

FIG. 9. Plot of admittance vs frequency at the thickness mode for BSTS

glass ceramic at a BaO molar ratio of 1.8. erties associated with the grain-oriented crystallites will be
maintained unless the microstructures are destroyed at a high
temperature at which the BSTS glass ceramics soften. The
nature of inorganic materials also makes BSTS glass ceram-
On=de /oK., ©) ics resistant to strong acid, strong base erosion.

Several experiments were done in this study to evaluate
whereK is the dielectric constant ang}, is the permittivity  the stability of piezoelectric properties with time, under re-

of free space. The measured and calculated piezoelectrigeatedly heating/cooling cycles, and after exposure to strong
constantsdss, ds, d,, andgy, and the electromechanical acid and base, as well as underwater presslireas proved
coupling factorsk, and k; for the composition 1.8BaO— that the BSTS glass ceramics showed no chaiyéhe dgs
0.2SrO-TiQ-3Si0, are listed in Table IIl. The correspond- constant after a period of 2 years, and exhibited gded
ing properties of lead zirconate titangfZT) and polyvinyl  stability when the samples were subjected to ten heating/
fluoride (PVF) are also listed for comparison. As we note, cooling cycles from 950 to 25 °C. Moreover, the BSTS glass
the d;; and dy, constants for the BSTS glass ceramics areceramics also demonstrated stable hydrostatic piezoelectric
lower than those of PZT-5 ceramics. However, because afroperties, e.gg,. The underwater pressure experiment in-
the low dielectric constant of the glass ceramics,ghgand  dicated that theg, constant showed no obvious change when
gy constants of BSTS glass ceramics are much higher thathe underwater pressure was increased to 9 MPa. This is
those of PZT-5. In addition, the hydrostatic figure of merit because high hydrostatic pressures will not reshape the grain-
d, < gy, for the BSTS glass ceramics is an order of magnitudeoriented microstructures which contribute to the piezoelec-
higher than that of PZT-5. tric properties. It is also found that the BSTS samples dem-
Because BSTS glass ceramics are nonferroelectric, inoenstrated good resistance to the strong acid and base after
ganic materials in nature and there is no poling process inbeing soaked in strong hydrochloric adi.0 N HCl) and
volved, no depoling or aging problefare expected. The strong sodium hydroxide solutiot4.0 N NaOH for 2
grain-oriented microstructures of the BSTS glass ceramicweeks. No obvious erosion of the samples and change of the
were formed at high temperature and the piezoelectric proppiezoelectric constart;; were observed.

dh:d33+ 2d31, (4)

35

10
3.0 |-
5 o 8
@ 251 . £
e '.- 3
o 3 . 2
- ] o 6l
> 20} . =
sl f— O 5 /-\- — —
8 e 2 2 " S~
< n =
S H 8 4tk
‘é 1.5 [} 3
- . 2
< - a 46 -
hS 2
1.0 | S 2
&
0.5 1 1 L 1 L 1 n 1 1
298.5 299.0 299.5 300.0 300.5 301.0 0 L 1 N 1 L 1 N 1

Frequency (kHz) 0.0 0.4 0.8 12 16 20

BaO molar fraction X

FIG. 10. Plot of admittance vs frequency at the planar mode for BSTS glas&IG. 11. Composition dependence of the pyroelectric coefficient in BSTS
ceramic with a BaO molar fraction of 1.8. glass ceramics after 15 h heat treatment.
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10

secondary pyroelectric coefficient is larger than the primary
pyroelectric coefficient in BSTS glass-ceramics system, the
sl overall pyroelectric coefficient exhibits a positive value.
The pyroelectric coefficients of BSTS glass ceramics at
~ room temperature are smaller than those of commercial py-
~— roelectric materials, such as TGS, LiNjGnd LiTaQ, but
————— | they show several advantages such as high temperature sta-
sl bility and good ability to withstand high power laser
radiation’® Therefore, they have potential application in high
temperature infraredR) detectors.

Pyroelectric coefficient p (uc/m2K)

IV. CONCLUSIONS

0 2 1 1 1 1 1 1 1 n
-50 0 50 100 180 200 Nonferroelectric, polar BSTS glass ceramics with

Temperature (°C) piezoelectric and pyroelectric properties were prepared

FIG. 12. Temperature dependence of the pyroelectric coefficient for BST@y a gradient temperature teChnique- Highly oriented
glass ceramic at a BaO molar ratio of 1.4 after 15 h heat treatment. (Ba,Sr,_,)TiSi,Og crystallites were obtained after 15 h of
gradient temperature heat treatment and it is believed that the
orientation crystallization was controlled by the surfaces of
the samples. The piezoelectric properties strongly depend on
the crystallite orientation of (B&r,_,) TiSi,Og. The dielec-

tric, pyroelectric, and piezoelectric measurement results
how that the polar BSTS glass ceramics have a low dielec-
tric constant of~12, a low pyroelectric coefficient of 5.8
uCImPK, and a high hydrostatic figure of meri,X gy,
C. Pyroelectric properties =~2500. This high hydrostatic figure of merit, along with
other unique characteristics of these materials, such as no

As for the pyroelectric properties, the composition de-_ . : S X
pendence of the pyroelectric coefficient of BSTS glass ce29'N9 and no depoling problem, good stability in high tem

) . ) . . 1perature, high pressure, and harsh environments, makes
ramics was investigated by measuring the pyroelectric coef: . . .
ficient p3. It is shown in Fig. 11 that the pyroelectric BSTS glass ceramics attrac_tlve_ forhydrophone and high
coefficient reaches a maximum value of &/’ K at temperature IR detector applications.

room temperature whex=0.6. Figure 12 illustrates the de-

pendence of pyroelectric coefficient on temperature for thé\ CKNOWLEDGMENTS
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