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Pb2+—doped (Sry_Pb,);Ti,O7 (SPT) ceramics were fabricated by a solid state reaction. The
stability and lattice structure of Sr3Ti,O; and Sr4Tiz0;¢ Ruddlesden—Popper (RP) phases were
studied as a function of Pb>* content and sintering atmosphere. X-ray diffraction indicates that
SrO(SrTiO3),, RP phase formation is sensitive to the Sr:Ti ratio of the raw materials and is

a complex circularly iterative process. When the PbO concentration is less than x = 0.03,

pure Sr3Ti,O5 can be obtained. Sr4Ti;0;¢ was found to be the main phase in the SPT samples for
x = 0.075. Pb>" stabilizes SrO(SrTiO3), RP phases by substitution for Sr?" which reduces the
lattice stress of the RP phase. It was observed that SrO vaporization losses at high temperature
can be compensated by the decomposition of the intermediate SrPbO5 phase at lower temperature.

. INTRODUCTION

Direct conversion between thermal and electrical energy
using thermoelectric (TE) materials may have important
social benefits for energy efficiency.'” As with many
technologies, however, the TE materials themselves limit
the device performance. Enhancement of TE properties can
be achieved by lowering the thermal conductivity (k) while
avoiding significant deterioration of the Seebeck coefficient
(S) and the electrical conductivity (o). One way to achieve
this enhancement is to engineer the superlattice structure.>*

Ruddlesden—Popper (RP)-type SrO(SrTiO3),, phases
show great potential for realization of low k owing to their
superlattice structure.> SrO(SrTiOs), is a superlattice of
SrO layers and SrTiO; slabs alternately stacked along the
c-axis. As with engineered superlattices, such natural super-
lattices can be expected to show significant anisotropy in
thermal transport, with the thermal conductivity through the
layers along the c-axis being significantly lower than within
the layers. The interfaces between SrO layers and SrTiO;

Contributing Editor: Scott T. Misture

Y Address all correspondence to this author.
e-mail: messing@ems.psu.edu

®XThis author was an editor of this journal during the review and
decision stage. For the JMR policy on review and publication of
manuscripts authored by editors, please refer to http://www.mrs.
org/jmr-editor-manuscripts/.
A previous error in this article has been corrected, see
10.1557/jmr.2016.202.

DOI: 10.1557/jmr.2016.164

1456 J. Mater. Res., Vol. 31, No. 10, May 28, 2016

slabs may enhance phonon scattering and lead to a lower
thermal conductivity.8

McCoy et al. reported that Sr3Ti,05 (S3T) and SrTiO; are
the only stable SrO(SrTiO3), phases.9 Most of the literature
focuses on synthesizing platelet-shaped S3T particles by the
molten salt synthesis (MSS) method.'®!" Although S3T
particles with plate-like morphology can be easily prepared
using MSS and S3T thin films can be grown epitaxially on
SrTiO5 substrates,'>"? it is difficult to prepare either single
crystals or bulk ceramics of phase pure S3T due to complex
decomposition reactions.'* Koumoto’s group reported the
properties of rare-earth ion (La, Nd, Sm, and Gd)-doped and
Nb-doped S3T TE materials synthesized by calcining the
powder twice at 1400-1450 °C in Ar, followed by hot
pressing at 1400-1450 °C in Ar.">'® Detailed information
about the relationship between phase structure and process
parameters was not presented, and this long, complex
fabrication procedure was expensive and hard to control.
Until now, the reasons for the decomposition and phase
transition of the RP phase have not been well understood.
Furthermore, little work has focused on the fabrication of
phase pure S3T bulk ceramics under normal sintering
conditions, or the mechanism of the stabilization of the
S3T RP phase using dopant ions.

Lead (Pb) has been widely used in traditional metal or
semiconductor TE materials for its high -effective
mass.'”'® Since the ionic radius of Pb** (119 pm) is
similar to that of Sr** (118 pm) and Pb>" has the same
valence as Sr**, PbO is a good candidate for stabilizing
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the SrO(StTiO3),, RP phase. In addition, the replacement
of Pb>* for Sr** can also increase the effective carrier
mass, which should be beneficial for reducing the thermal
conductivity of TE materials.

In this study, we investigated the stability of the S3T
RP phase as a function of Pb®" concentration. To
understand the stabilization mechanism, the lattice char-
acteristics such as bond lengths and bond angles were
studied in detail for both S3T and Sr,Ti30;9 RP phases.
We believe that the determination of the stabilization
mechanism of the SrO(SrTiO3),, RP phase is useful for
developing an effective procedure for fabricating phase
pure S3T by a conventional solid state method.

Il. EXPERIMENTAL PROCEDURE

Strontium titanate samples were prepared by solid-state
reaction using stoichiometric amounts of SrCOs (99.9%, Alfa
Aesar), TiO, (99.5%, Rutile grade, Alfa Aesar), and PbO
(99.9%, Alfa Aesar). The general formula of the material
studied is (Sr;_,Pb,);Ti,07 (designated as SPT), where x is
0, 0.01, 0.03, 0.05, 0.075, 0.1, and 0.125. The compositions
and sample identification are shown in Table I. The initial
stoichiometric compositions were ball-milled with ZrO,
media in ethanol for 16 h. After drying in an oven at
70 °C for 24 h, the powder mixture was calcined at 1150 °C
for 4 h, and then ball milled with 6 mm diameter ZrO, media
for 24 h. The milled powders were pressed into disks of
1 mm thickness and 12.7 mm diameter at 200 MPa, and then
sintered at 1400-1550 °C for 2 h in air. SPT samples were
also sintered in Ar and O, to further investigate the influence
of atmosphere on the phase formation.

Sample densities were measured using the Archimedes
method. The theoretical density of the mixed phase
samples was calculated from the fraction of phases
obtained by Rietveld refinement. The phase structure
and lattice constants were examined by x-ray diffraction
(XRD, PANalytical, Inc. Xpert Pro MPD diffractometer,
Holland) using Cu K, radiation with a step size of 0.02°.
Crystallographic data were obtained using Rietveld
analysis and JADE 9.0 software. The quality of the
refinement was quantified by the corresponding figures
of merit: weighted profile residual R, and goodness of
fit indicator § = Ryp/Reyp. For SPT-01~SPT-125 sam-
ples, Ry, is in the range of 11.94-14.79%, § is in the

TABLE I. Composition and identification of SPT samples.

range of 1.26-1.84. We believe that the Rietveld analysis
shows a reasonable fit.

Thermally-etched microstructures were observed by
scanning electron microscopy (SEM; Hitachi S-3500,
Hitachi Corp., Tokyo, Japan).

lll. RESULTS AND DISCUSSION
A. Characteristics of undoped S3T samples

Figure 1 shows XRD patterns of calcined and sintered
undoped S3T samples. As evidenced by peaks at 20 =
31.806° and 44.505°, which correspond to the (105) and
(0010) planes, respectively, S3T was obtained by calcin-
ing a mixture of SrCO;3; and TiO, at 1150 °C for 4 h.
After S3T samples were sintered, the (105) peak becomes
weaker and the (0010) peak disappears. It is obvious that
S3T and SrTiO5 coexist and SrTiOj3 is the main phase in
the samples sintered at 1450-1550 °C. The amount of
SrTiO; phase increases with increasing sintering
temperature.

The relative densities and phase contents of S3T
ceramics sintered at different temperatures are shown in
Table II. The S3T samples were <86% dense even after
sintering to a temperature as high as 1550 °C. The weight
of the samples decreases with increasing sintering temper-
ature, as a result of SrO evaporation. Evaporation is
supported by the fracture surface of the sample sintered
at 1550 °C (Fig. 2) which shows the formation of =20 um
pores and increased weight losses of 4.9 and 6.9% when
sintered at 1450 and 1550 °C, respectively. Based on these
initial studies, we believe that S3T decomposes to form
SrTiO; due to the evaporation of SrO, as shown in Eq. (1).

Sr3TiO307 — 2SrTiO; + SrO1 . (1)
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FIG. 1. XRD patterns of undoped S3T (SPT) samples calcined at
1150 °C for 4 h and air-sintered at different temperatures.
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TABLE II. Phase compositions and densities of air sintered S3T
samples.

Content of  Content of  Density/ Relative Weight
T/°C S1TiO3/% S3T/% g-cm™? density/% loss/%
1450 75.9 24.1 4.12 80.65 4.90
1500 76.1 23.9 4.25 83.19 6.17
1550 83.2 16.8 4.37 85.51 6.89

FIG. 2. SEM micrograph of an S3T sample sintered at 1550 °C for
2 h in air showing large pores due to SrO evaporation.

SrTiO;5 can also be regarded as a kind of SrO(SrTiO3),,
RP phase with n = oo and is the most stable compound in
the Sr-Ti—-O RP system. In a SrTiO; unit cell, the
coordination number of Sr** is 12, and that of Ti*" is 6.
The bond lengths and bond angles of Sr—O and Ti-O are
shown in Table SI (see supplementary material). SrTiO; has
the strongest 3-dimensional stability in the SrO—(SrTiO3)
system since all of the Ti—O bonds have the same bond
length (0.1952 nm) with bond angles of 90°. The same
characteristics can be found for the Sr—O bond, as shown in
Fig. Sl(a) and Table SIL

The unit cell of S3T consists of defect layers of SrO
between sheets of SrTiO; perovskite layers. These planar
defects can be described by removal of the sheets of TiOg
octahedra along (001) and shear of the remaining perovskite
layers by 1/2[111]."%° In the S3T crystal structure, the
Sr** cation has two different positions in the lattice—one
with a coordination number of 12 (labeled Sr;), which is
located in the octahedra stack, and one with the coordina-
tion number of 9 (labeled Sr,), located at the boundary
between the octahedra stack and the rock salt SrO layer, as
shown in Fig. SI(b) (see supplementary material). This
analysis indicates that the S3T crystal structure can accept
two different cations at the Sr** positions and that the Sr,
position can be filled with larger cations.?'

The crystallographic data of calcined S3T were ana-
lyzed by Rietveld refinement based on the /4/mmm space

group. The Rietveld fitting of S3T is shown in Fig. SII
(see supplementary material). The reliability factor R was
11.99%, indicating a reasonable fit. The calculated crystal
parameters such as bond lengths and bond angles are
given in Table SII (see supplementary material). In
agreement with the standard crystallographic data of the
SrTiO; lattice structure, bond lengths of Ti—O; and Ti—O,
are almost the same (0.1951 and 0.1952 nm) and the
bond angles O~Ti-O; (i # j, i,j = 1, 2, 3) were 90°. The
Ti—O5 bond length was shorter (0.1933 nm). This result
indicates that the Ti—O octahedra were maintained in the
perovskite layer of the S3T lattice structure. However, the
main difference was found in the Sr—O bond lengths and
angles. All of the Sr—O bond lengths are shorter in S3T
than in the StTiO;5 cell, and the Sr—O bond angles were
distorted from —4.22° to 2.06°. These data demonstrate
an asymmetric structure which contributes to the meta-
stability of the S3T structure.

The bond length of Sr,—O, is important, because the
Sr,—0, bonds connect the rock-salt SrO and the perovskite
layers. The St,—O, bond length is the shortest (0.2544 nm)
of the Sr—O bonds. The percent change in the Sr,—O, bond
length amounts to —7.86% which is a large change from
the equilibrium position and thus significant stress must be
generated in the lattice. As a result, the entire S3T lattice
lies in a relatively high energy state and the Sr,—O, bonds
are easily broken by lattice vibrations at high temperatures,
releasing the lattice stress. Finally, breaking the Sr—O,
bond leads to the phase transformation from S3T to
S1TiO; and a new equilibrium is established. This analysis
demonstrates why it is difficult to prepare SPT ceramics
using conventional sintering but suggests that S3T can be
stabilized by chemical substitution which alleviates these
lattice stresses.

B. Characteristics of SPT samples sintered in air

Figure 3 shows XRD patterns of SPT powders calcined
at 1150 °C for 4 h. It reveals that phase pure S3T
was obtained when PbO is doped at an amount less than
x = 0.075. The characteristic peaks (105) and (0010) can
be clearly distinguished. When the PbO amount is higher
than x = 0.05, SrPbO; begins to appear in addition to the
SrTiO3 phase. SrTiO3, S3T, and SrPbO;5 coexist in the
calcined SPT samples when heated from 1450 °C to
1550 °C. The percentage of each phase in the calcined
powders is listed in Table IIl. It can be seen that the
concentration of SrPbOs; and SrTiOs increase with in-
creasing PbO concentrations. Although PbO evaporates
at 889 °C, due to its low melting point, it appears that
PbO reacts with SrCOj3 to form SrPbO;. Moreover, the
Sr:Ti ratios of SPT-10 and SPT-125 samples are much
closer to that of SrsTizO;q, but Sr,TizO;y was not
observed in the calcined powders further demonstrating
that Pb>" stabilizes S3T.
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FIG. 3. XRD patterns of SPT powders air calcined at 1150 °C for 4 h.

TABLE III. Phase composition of SPT samples calcined at 1150 °C
for 4 h and then air-sintered at 1550 °C for 2 h.

Calcined powders Sintered ceramics

Samples  StTiO3/%  S3T/%  SrPbOs3/%  S3T/%  St4Tiz0,0/%
SPT-01 100 100
SPT-03 .. 100 . 80.4 19.6
SPT-05 9.5 88.3 22 62.5 375
SPT-075 15.4 81 3.6 31.8 68.2
SPT-10 31.4 61.5 7.1 12.4 87.6
SPT-125 39.1 49.9 11.0 9.7 90.3

XRD patterns for the SPT samples sintered at 1550 °C
in air are shown in Fig. 4. Pure S3T is obtained in the
SPT-01 sample. It is interesting to note that the SrTiO;
and SrPbOj; phases in the calcined powder are not present
in the sintered samples. Although the most intense peak is
still at 20 ~ 31.8°, i.e., the (105) plane of S3T, further
analysis shows that the peak can be divided into two
peaks, one belonging to the (105) plane of the S3T phase,
and the other to the (107) plane of the Sr4Ti;O;( phase, as
shown in Fig. 4(b). Sr4Ti30,¢ and S3T coexist in all of
the sintered samples except SPT-01.

The concentrations of the Sr,Ti30,y and S3T phases in
the sintered samples, as determined by Rietveld refine-
ment of the XRD patterns, are listed in Table III. It is
clear that the concentration of S3T phase decreases with
increasing PbO, whereas the concentration of Sr,TizO¢
increases. When the PbO dopant is less than x = 0.05,
S3T is the major phase (i.e., its concentration is above
50%). When the PbO doping level is higher than 0.075,
S14Tiz04¢ is the major phase and it reaches a maximum
of 90.3% when x = 0.25.

The lattice constants of the S3T phase in the samples
with x = 0-0.075 were calculated and the variation of

lattice constant with increasing PbO content is plotted in
Fig. 5. It is seen that both the a and ¢ parameters increase
with increasing PbO content, which results in a larger
lattice volume. In addition, the c/a ratio decreases,
suggesting that the degree of tetragonality is reduced.
To further understand the mechanism of the Pb** sub-
stitution, the formation enthalpy of the Pb-doped S3T is
calculated by the first principle theory, as shown in
Table SIII (see supplementary material). The calculated
results demonstrate that the unit cell of Pb2+—d0ped S3T
has a relatively lower energy. Thus, doping with a small
concentration of Pb can improve the structural stability,
and the structure’s thermodynamic stability is better
when Pb>* substitutes for Sr** at Sr; positions in the
RP lattice structure. This substitution leads to distortion
of the lattice and contributes to the slight increase of the
lattice constants a and c.

Based on the XRD results of the calcined powders, we
consider two phenomena; one is the disappearance of the
SrPbOj; phase, and the other is the formation of SrsTiz0g
phase. It is easy to understand why the SrPbO; phase
disappears since SrPbOj transforms from orthorhombic
to tetragonal at ~450 °C, and subsequently transforms
from tetragonal to cubic at ~810 °C. Finally, SrPbO;
decomposes to SrO and PbO above 1000 °C, as shown in
the following formula.?**?

= X 1
SrPbO; @CPbOHSrOHEOZT )

The formation of SrsTi30;y is most sensitive to the
original Sr:Ti ratio. Because the Sr:Ti ratios of SPT-075,
SPT-10, and SPT-125 are much closer to that of
S14Ti3049, Sr4Ti30,¢ is the major phase in the sintered
ceramics.

Sr4Ti30;¢ is an intermediate phase between SrTiOj
and S3T. SryTi30;9 has a tetragonal structure with
the space group of I4/mmm and lattice parameters of
a = 0.39 nm, ¢ = 2.81 nm (PDF No. 97-003-4630). The
lattice structure of SryTiz0;( is more complex than that of
S3T since the Sr** cation has three different positions in
the unit cell. The additional position for the Sr** with
a coordination number of 12 is located in the middle of
the octahedral layer, labeled Sr3, as shown in Fig. SIII
(see supplementary material). In addition, there are two
different positions for Ti*" cations. One is located in the
center layer of the three TiOg4 octahedral layers (Ti;), and
the other is in the oxygen octahedral position close to the
edge of the rock-salt SrO layers (Ti,). Rietveld refine-
ment of the SryTi30q lattice structure shows that all of
the Sr—O bond lengths are shorter than those in the
SrTiO5 cell, and the Sr—O bond angles are distorted,
similar to the characteristics observed in S3T. The
perovskite layer in SryTi3;O;9 does not have cubic
symmetry.
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FIG. 4. XRD patterns of SPT samples air sintered at 1550 °C for 2 h, (a) 260 = 20-70° and (b) 260 = 31-33°.
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The SryTizOq crystal structure can be characterized
by four parameters (D1, D2, D3, and S1) along the
c-axis, which represent the different Ti—O distances
inside the TiOg octahedra, and the Sr,—O, interplanar
distance, respectively, as indicated in Fig. SIII. It should
be noted that the structure refinement performed by RP
assumed no rumpling and that all of the Ti-O bonds
along the c-axes have the same length.>**° In reality, the
Ti—O bond lengths are not all the same. D1, D2, and D3
are 0.1911 nm, 0.1855 nm, and 0.1967 nm, respectively.
This implies the presence of deformed TiOg octahedra.
The largest change in the Ti—O bond length amounts to
—4.97%, compared to the stable Ti—-O bond length
(0.1952 nm) in SrTiO5. The Sr,—O, bond length (S1)
between the TiOg octahedra and the SrO layers is still
the shortest one, pushing the oxygen and strontium
atoms away from and towards the TiO¢ octahedra layers,
respectively. This result reveals that the SrTizO¢
crystal structure stays in a much higher energy state
and is even more unstable than S3T.
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FIG. 6. XRD patterns of SPT samples sintered at 1550 °C in Ar.

Several papers report that S3T is the most stable phase
among the RP compounds in the SrO(SrTiO3), system
and that there is no driving force to form single-phase
samples with higher n.2%?’ However, the Sr4Ti30,¢ phase
is found to be the main phase in the SPT samples with
x = 0.075. To determine whether Pb®" stabilizes
Sr4Ti30;¢ by alleviating lattice strain, crystallographic
data for Sr,Tiz0;o (JCPDF data PDF No. 97-003-4630)
and SPT-125 by Rietveld refinement are shown in
Table SIV (see supplementary material). Expansion of
both the a-axis and the c-axis were observed, resulting in
an overall increase of lattice parameters « and c. It is clear
that both the Ti—O and Sr,—O, bond lengths are larger
than those in undoped Sr4Ti30;o. These results indicate
that Pb>™" can substitute for Sr>* in the Sr,Tiz0,, lattice
and increase the Ti—-O and Sr,—O, bond lengths. It is
believed that this substitution decreases the lattice stress,
causing the lattice to shift to a relatively lower energy
state and aid in the stabilization of Sr,TizO.
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TABLE IV. Effect of atmosphere on phase compositions of SPT samples sintered at 1550 °C.

Sintered in Ar

Sintered in O,

Samples StTiO3/% S3T/% St,Tis0,0/% StTiO3/% S3T/% St,Ti30,0/%
SPT-01 39.2 15.1 457 16.8 30.2 53
SPT-03 43 0 57 19.9 17.3 62.8
SPT-05 50 0 50 . . ..
SPT-075 45.8 0 54.2 10.2 216 68.2
SPT-10 48.9 0 51.1
SPT-125 66.5 0 335 355 0 64.5

In addition to the effect of Pb>" on the stabilization of
the RP lattice structure, the function of SrO on the
formation of the RP phase should also be considered.

TABLE V. Effect of atmosphere on relative densities of SPT samples
sintered at 1550 °C.

. . . Samples Sintered in air/% Sintered in Ar/% Sintered in O,/%
During sintering, the final phase structure comes from
a series of complex, iterative reactions, described as the ~ SPT-01 93.98 85.18 94.89
following equations: SPT-03 94.59 80.99 93.88
SPT-05 95.57 86.76 .
281‘Ti03 4+ SrO — SI‘3Ti207 , (3) SPT-075 93.72 91.14 93.82
SPT-10 94.06 90.68 .
SPT-125 94.53 86.76 94.31
3SI‘TIO3 + SrO — SI‘4T13010 s (4)
Sr3Ti207 + SrTi0; — SraTiz 010 (5)  much lower densities than those samples sintered in air.

It was demonstrated that SrTiOj; is present in the final
product if there is insufficient SrO during sintering. SrO
is highly reactive and can easily react with atmospheric
H,O and CO,. The direct addition of excess SrO to the
raw materials does not enhance RP phase formation
because SrO evaporates before it can react at high
temperatures. However, SrO can be introduced at higher
temperatures in the form of SrPbOj3 and thus participate
in the reactions in Egs. (3) and (4) to form SPT.

Generally, PbO doping is beneficial for stabilizing the
S3T and Sr4Tiz;O;¢ RP phases. The final phase structure,
either S3T or Sr,Tiz04, is sensitive to the Sr:Ti ratio of
the raw materials, which means that only the SPT-01
sample resulted in phase pure S3T. To ensure the initial
Sr:Ti ratio of the RP phase, adding “excess” PbO is more
effective than doping “stoichiometrically”.

C. Effect of atmosphere on the characteristics of
sintered SPT samples

Since most of the oxide TE materials should be
semiconducting under reducing atmospheres, it is neces-
sary to investigate the characteristics of SPT samples
sintered under different atmospheric conditions. Figure 6
shows XRD patterns of the SPT samples sintered in Ar at
1550 °C. It is interesting that only S3T exits in the
(Stg.99Pbg 01)3Ti,07 composition (SPT-01), whereas
Sr4Ti3019 and SrTiO; phases coexist in the rest of
samples (Table IV).

SPT samples sintered in air show a light brown color,
while the samples sintered in argon are yellow and have

Most of the relative densities are less than 87%
(Table V). Even when phase pure S3T was obtained in
the calcined SPT-01 and SPT-03 powders, S3T phase
was not stable through sintering. The percentage of S3T
phase in the SPT-01 sample was 15.1%, which means
that most of the S3T phase had transformed to Sr;Ti304
and S1TiO; phases under the Ar atmosphere.

Another interesting phenomenon is that the center
region and the surface of the sintered SPT samples
(x = 0.05) show different colors. For example, the color
of the (SrgosPbgos)3Ti,O; (SPT-05) sample changes
from gray in center region to light brown, then changes
to the yellow on the surface, as shown in Fig. 7(a).
Figures 7(b) and 7(c) show the grain morphology of
different positions in the SPT-05 sample. It is clear that
the sample core has a homogeneous grain structure.
There are fewer pores in the core than in the surface
region, suggesting a relatively higher density in the core.
The surface zone is composed of cubic grains which are
interconnected. XRD of powder samples ground from the
sintered sample and of the surface region shown in Fig. 8
indicate that two phases, Sr4Tiz0;¢ and SrTiOs, co-exist
in the powder sample, while only SrTiO; is observed in
the surface region and that the cubic grains are SrTiOs.

Noguera et al. reported that the stability of the SrO
(SrTi0O3),, compounds is associated with phase segrega-
tion into SrTiO; and SrO and with segregation into
StTiO5; and another phase of lower n value, as shown
in Eqs. (6) and (7).>> All segregation energies are very
small, with positive values indicating an instability of the
SrO(SrTiO3),, compound.
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(b)

(c)

FIG. 7. Microstructure of (Srg.95Pbg 05)3T1,07 (SPT-05) sample sintered at 1550 °C in Ar, (a) fracture surface, (b) morphology of the sample core

(point +1) and (c) morphology of the sample surface (point +2).

L & Sr1i 0, W SrTio,

SPT-05-1550 surface

L.

Intensity
i:j

20 30 40 50 60 70
29 f{O

FIG. 8. XRD patterns of (Sryo5Pbg 05)3Ti,07 (SPT-05) samples sin-
tered at 1550 °C in Ar.

SrO(SrTiO3),, — nSrTiOs; + SrO1 (6)

SrO(SrTiO;), — SrO(StTiOs), | + SrTi0s . (7)

According to our experimental results, the phase
decomposition of SryTizO;q into SrTiO; and SrO vapor
is reasonable, while the transformation from Sr,Ti30;( to
S3T requires further investigation. Since S3T is one of
the most important phases in both the calcined powder
and the air-sintered samples, it is believed that SrO vapor
is the key to the formation of RP phase. This means that
an Ar atmosphere will enhance the transformation from
S3T to SrTiO3 and Sr4Ti30,0, as shown in the following
equations:

2813 Ti,07 — Sty Tis0y + SIOT (8)

SI’4Ti3O]() — 3SI‘TiO3 + SI'OT N (9)

since flowing Ar enhances decomposition of the RP
phase. The decomposition occurs from the sample center
towards the surface accompanied with the formation of
gaseous SrO. A flowing Ar atmosphere not only lowers
the oxygen partial pressure in the furnace, which will
produce more oxygen defects in the lattice structure of
the RP phase and weaken the bond strength, but also
removes gaseous SrO and accelerates the decomposition
reaction. This is the reason that the samples have low
densities at the surface. It is deduced that the SrO
(S1TiO3),, RP phase will fully transform to SrTiOj if
the sample is held at elevated temperature for a prolonged
time.

McCarthy et al. investigated the phase equilibria of the
Sr-Ti—O system and found that an amorphous white
powder coated the furnace tube after sintering samples at
1375 °C in air. They supposed the deposit to be pure
strontium metal.*® If this is correct, the following reaction
should occur during sintering.

. =1300°C
SI‘3 T1207 —

2SrTiO3 + Sr1 +%02T . (10)

Since Strontium (Sr) is a highly reactive metal, it easily
reacts with water to produce strontium hydroxide and
hydrogen gas, and also burns in air to produce both
strontium oxide and strontium nitride.>” However, we can
deduce from the reaction in Eq. (10) that O, is generated
with the formation of metallic Sr. If the samples were
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sintered under an O, atmosphere, the high oxygen partial
pressure may reverse the reaction and constrain the
decomposition of S3T.

Figure 9 shows XRD patterns of SPT samples sintered
in O,. The results obtained do not support the formation
of Sr metal. Both the SPT-01 and SPT-03 samples are
composed of SrTiOs, S3T, and Sr4Tiz;0,¢ phases, with
Sr,Ti30, being the major phase. The SPT-125 sample is
composed of StTiO5 and Sr4Ti;0;( phases, similar to the
sample sintered in Ar. The sample densities are much
higher than those sintered in Ar, and are almost the same
as those sintered in air, as shown in Table V.

b lo Sr,T1,0,, W SrTi0,
AN Sr,Ti 0 SPT-125
m? U\ r
L J " ®
I | SPT-075
) l-
-E SN SRR b WY W P | W | G N ¢ ) W U U
B )u | \ SPT-03
— ! J

(c)

Because the SPT-01 sample sintered in air converted to
pure S3T, it was chosen as the focus for a discussion on
the phase transformation to the RP phase. Figure 10
shows that the microstructures of SPT-01 samples are
strongly dependent on the sintering atmosphere. Equi-
axed and plate-shape S3T grains coexist in the SPT-01
sample sintered in air, while 10-20 um cubic SrTiO3
grains are observed in the more porous sample sintered in
Ar. The sample sintered in O, shows a homogeneously
dense microstructure with clear grain boundaries. Some
plate-like grains corresponding to the S3T or Sr,Ti30¢
RP phase can be observed together with the equiaxed
StTiO; grains.

The results above reveal that O, does not constrain the
decomposition of S3T during sintering. Compared with
the calcined powder, single phase S3T cannot be obtained
by sintering in either Ar or O,. Because flowing Ar and
O, can remove gaseous SrO from the furnace, sintering
under these atmospheres enhances the decomposition of
the RP phase. It is believed that the phase transition
between the RP phases is a complex reversible process,
meaning that SrO(SrTiO3),, compounds can phase sepa-
rate into SrTiO5; and SrO, and SrO(SrTiO3),, phases with
lower n value, SrO(SrTiOs5),_;, and these phases can
react with SrTiOj; to produce SrO(SrTiOs),, again. Sinter-
ing atmosphere plays an important role in the above
phase transformation. However, additional research is
needed to understand the effect of atmosphere on low
temperature reactions, the reduction in low or no oxygen
sintering and the effect of oxygen pressure on the phase
transition, the TE properties of the SPT samples, and the

FIG. 10. SEM micrographs of (Srp.99Pbg 01)3Ti,07 (SPT-01) samples sintered in (a) air, (b) Ar, and (c) O, at 1550 °C.
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relationship between the SrO(SrTiOs3),, RP phase compo-
sition and its TE properties.

IV. CONCLUSIONS

It is difficult to prepare phase pure S3T ceramics under
conventional sintering conditions. Without PbO doping,
S3T and SrTiO; coexist and SrTiO; is the main phase in
the S3T ceramics. Rietveld refinement results show that
an asymmetric lattice structure, especially Ti—O and Sr—O
bond lengths and angles along the c-axis, contribute to
the metastability of the S3T and Sr;Ti;O;q structures.
The sintering atmosphere affects the phase transition and
the microstructure significantly, with the key to the
reactions being control of the evaporation of SrO from
the SrO(StrTiOj3), phase. Flowing atmospheres of any
composition impede sintering by removing volatile spe-
cies and promoting further decomposition.

The phase transition between the RP phases is a com-
plex circularly iterative process. StO(SrTiOs3), RP phases
in SPT samples are more stable than those without Pb**.
When the PbO doping amount x is less than 0.03, pure
S3T phase can be obtained. The Sr,Ti;O;y phase
was found to be the main phase in the SPT samples with
x = 0.075. The effect of Pb>" on the phase structure can
be described in two ways. On one hand, Pb*" can
stabilize SrO(SrTiO3), RP phases through substitution
for Sr** in the lattice, increasing the lattice parameters
and decreasing lattice stresses in the RP phase. On the
other hand, SrO can be stored in SrPbO5 and survive to
higher temperatures. The decomposition of SrPbO5; can
compensate for the loss of SrO involved in the RP phase,
which enhances the formation of the SrO(SrTiO3),, phase.
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