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Nonstoichiometrically Activated Sintering for Ca;—xSrxTiO3
Compound by Creating Point Defects
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According to both first principle and materials chemistry, an innovative method for fabricating
Ca—«SKTiO3 ceramics was investigated. £z TiO3 was sintered at temperatures as low as IBby
adding 1.0 wt % LiSi,Os without forming a grain boundary phase. It was considered that the sintering
was promoted by self-accelerated diffusion due to the formation of point defects caused by doping with
Li,Si,Os. Consequently, a new concept of nonstoichiometrically activated sintering, which is enhanced
by point defects without the help of a grain boundary phase, is systematically studied for the first time
in the Ca—SKTiO3—Li,Si,05 system.

Introduction als, the study of enhanced sintering for ceramic materials is
still being conducted. There is not a universal theory
developed in previous studies because several processes
occur simultaneously during enhanced sintering, making its

The fabrication step in ceramics involves the synthesis of
starting materials, mixing, molding, and subsequent sintering
of the materials to convert them into dense solids. Sintering

) : ; mechanisms too difficult to identify clearly.
is the process by which a powder compact is transformed T lore the basic th t of enh q
into a strong and dense ceramic body upon heating. It is 0 explore the basic neory, a new concept of enhance

known that the fabrication of ceramics requires high- sintering, i.e., nonstoichiometrically activated sintering, was
temperature sintering. This is because the driving force for developed n the present study. .Th's methoq of smter.mg
sintering is quite small, i.e., usually only a few joules per pr.oceeds W'.th the cr_eatlon of point defects in the Ia_ttt|ce
mole, whereas that of the chemical reaction is a few v_\/|tho.ut formmg_agraln boundary secondary phase. It_|s the
kilojoules per molé.Of major interest for the production of first time for this argument to be proposed systematically

sintered materials are the mechanisms and processes whicn""sed on both the first principle and solid-state chemistry

control densification and grain coarsening. High temperature gn?hlzl sqpportedd W';h cor(rjob.o;atling experlmﬁptal Orlegultsl.
can greatly promote sintering and grain growtbut it oth doping and enhanced sintering were achieved simul-

; ; ; aneously during the heating of CgSKTiO; (0.1 < X <
requires high-energy consumption. Consequently, enhanced _ e - . ;
sintering is widely used because it provides an opportunity 0.4) with 1.0 wt % LjSi,Os additive. It was possible to sinter

to improve the properties of the sintered body, increase :E'S_Cffa”?'c a;cftempclaratgrssd?fs I(.)W af] 9tbe_ca;u sef of
sintering rate, and lower the firing temperature of traditional € Intnnsic seit-accelerated diriusion charactenistic ot non-

systems.Usually, liquid-phase sintering is characterized by stoichiometrically acti_vate_d sintering. Thqs, nonstoichio-
the presence of a liquid phase; alternatively, the absence Oimetrlca_lly actlvgted'smterlng may re§ult In not on!y the
a liquid phase is thus referred to as solid-state sintéering. prom.otlon_ of smtenng but glso an _|m.proyement' in the
Liquid-phase sintering is one of the enhanced sintering functionality of ceramic materials by eliminating detrimental
methods and is of commercial importance since a majority secondary phases.

of ceramic products are fabricated via this route. If the
properties required in the target material are not adversely

affected by the presence of a grain boundary phase, itis the gnpanced sintering includes both liquid-phase sintering
preferred route. However, for many'appllcatlons., the presence,n g solid-state sintering. In general, both of them require
of a second phase at the grain boundaries can havepe yse of an additive to form a second-phase bindghe

detrimental effects on the properties, e.g., creep resistancgyinor phase) as shown in Figuré-56where the composi-
and permittivity. Additionally, in contrast to metallic materi- 0 ¢ a, (in the two phase field of + f) is the normal

practice for enhanced sintering so far. This bingleis a
* - il . . .. .
r“@t;‘;en_;’(V)ﬂg?u_ac_cjgr_res"ondence should  be addressed.  E-mail: g4 solution of the additive and the base materials and may
(1) Barsoum, M. WFundamentals of CeramigllcGraw-Hill: Singapore, be either a solid or a liquid during sintering. The base
1997.

(2) Vasilos, T.; Rhodes, WRroceedings of the First US-Japan Seminar
on Basic Science of Ceramjdokyo and Kyoto, 24 February-3 March, (5) German, R. M.; Farooq, S.; Kipphut, C. Mlater. Sci. Eng. A988

Classic Studies of Enhanced Sintering

1969; p 93. 105/106 215.
(3) German, R. MMetall. Trans. A1986 17A 903. (6) Reed, J. Sintroduction to the principles of ceramic processing
(4) Kingery, W. D.J. Appl. Phys1959 30, 301. Wiley: New York, 1987.
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1 4 doped ceramics with a dopant are considered individually.
This is because the dopant (in the case of the doping) must
enter the host lattice to form a single solid solutjifthe

a
]
]
T (°C) :
:
]
]
I

|
|
ﬂ Licuid major phase) which is similar in compositionag(in single-
1L — - hase phase field of8) shown in Figure 1, whereas the additive
N (in the case of enhanced sintering) should form a second
, a phasey during the sintering as it does in the composition of
! E a, in Figure 1. As a consequence, the doped powder is
T+B | N generally synthesized first, followed by other fabrication
| H processes such as mixing, compacting, and sintéfing.
Additive R However, is it impossible for the processes of both doping
Figure 1. Ideal binary phase diagram for enhanced sintetihg. and enhanced sintering to be conducted simultaneously

during heating.
material should have a low solubility to accommodate the  Theoretically, the first principle for an atomic or ionic
additive; conversely, the binder phase has a high solubility diffusivity Dion is given by
for the base phase at the sintering temperature. Such a
situation can provide a short-circuit mass flow path at the D, = oA%0&v, exp(AS,/k) exp—AH,/KT) =
interparticle contacts and thereby enhance sintering. Accord- D, exp(—Q/kT) (1)
ingly, the diffusion rate in the segregated binder phase must

be higher than that in the ba5&he amount of additive may  \hereq is a geometric constant that depends on the crystal
vary from 0.1to 10 wt %.'I’_hergfore, enhanced Sintering is  sirycture, i is the elementary jump distangejs a fraction
viewed in terms of fast diffusion through a binder phase f yacancies and v, are the coordination number and
between grains. Although liquid-phase sintering is not an \;pration of the atoms, respectivelxSy is the entropyk is
equilibrium process, phase diagrams do provide useful gojtzmann’s constantyHp is the enthalpyT is the migration
information with respect to the behavior of mixed cOMpo- enthalpy T is the temperature, ar@is the activation energy.
nents durln_g smtermg. IF could guide the selection and  a¢ sufficiently high temperatures, that &T > AHp, the
understanding of a sintering process. ~ barrier ceases and every vibration would result in a jump.
Liquid-phase sintering is widely used for the fabrication Tpe temperature is not, however, the only means to improve
of both ceramic and metallic materials. Just as describedine diffusion for an atom or ion according to eq 1. It is
above, a common composition & for the liquid-phase  syggested that the diffusivity of an ion in a crystal depends
sintering shown in Figure 1. This sintering process is actually on the fraction of vacancy. The vacancy concentration is
composed of four stages. Initially, during heating, solid-state proportional to the concentration of the dop&fihis means
densification occurs by chemical potential gradients. When {5t the diffusivity of an ion in a crystal can be tailored by
the liquid phase is formed, additional densification occurs. controlling the dopant concentration.
Since the volume of liquid increases rapidly, the liquid |t is known that sintering is described by atom and/or ion
§prea§s rapidly, penetrating alpng mterpartlcle contacts wheregiffysion, which happens when an atom gains sufficient
it Iuprlcates the slldlng of part|.cle_s. This allows the pores to gnergy to leave its mooring and migrate. There are essentially
be filled by both solid and liquid flow. Subsequently, a three mechanisms by which atoms will diffuse. First is the
solution-reprecipitation reaction occurs;.j.a small grain  yacancy mechanism, which involves the jump of an atom
dissolves in its surrounding liquid and precipitates on the o jon from a regular site into an adjacent vacant site. Second

large graing. is interstitial diffusion, which requires the presence of
interstitial atoms or ions. Third and least common is the
Consideration of Enhanced Sintering without a interstitialcy mechanism, i.e., an interstitial atom pushes an
Binder Phase atom from a regular site into an interstitial site. Accordingly,

éhe sintering process will be enhanced through increasing
the amount of vacancies based on either the first principle
or the first diffusion mechanism; meanwhile, the presence
of interstitial atoms can also improve diffusion during
heating.

As noted above, enhanced sintering occurs in the presenc
of a binder phasey; this fact has resulted in many important
insights being made into the behavior of enhanced sintering
in both ceramic and metallic materials, especially for the

latter. It is not, however, the only way to enhance sintering ) ) ) )
for ceramic compounds. In contrast to pure metals, it is easy " Previous studies, the mechanism by which the vacancy

to make point defects in ceramics through processing or &Cts @s a diffusion path has been depicted by Kingenyd
chemical adjustments. During the latter half of the last Barsoun: However, no experimental proof has been dem-
century, the capacity to improve in the functionality of onstrat.ed for the enhanc':ed smte'rl_ng of b_ulk ceramics. Hwang
ceramics was shown through precise control of nonstoichi- et al. discussed that a S|I'ver additive, Whlch.eX|§ted as agrain
ometry, dependent on the doping techniques, etc. For thePoundary phase, could improve the densification of Pb(Zr,-

most part, however, enhanced sintering with an additive and

(8) Chu, S.; Chen, TJ. Eur. Ceram. So2004 24, 1993.

(9) Sato, T.; Shimada, Ml. Am. Ceram. Sod.985 68, 356.

(7) Petzow, G.; Kaysser, W. Al. Jpn. Soc. Powder Powder Met&lP87, (10) Kingery, W. D.Introduction to CeramicsWiley & Sons: New York,
34, 235. 1960.
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Ti)Os. The reasoning was that this silver would create
vacancies in the base material; however, there was no
description of related theody.

The perovskite compounds of the general formula ABO
have been tailored to modify crystallographic, electronic, and
physical properties by replacing the A or B ions by other

—&—1.0 wit% LizSizos, 980°CX2h
—-1.0 wt% Li,Si,0_, 1200°C X 15 min
1.0wit% Li Si_O_, 1200°CX2 h
—=—0 wt% Li_Si O, 980°CX2h
——-0.5 wt% Li,Si,0,, 980°CX2 h

cations with different radius/charge. The normal sintering aoo
of Ca—SKTiO3 (0.1 = x < 0.4), in which CaTiQ and
SrTiO; are completely miscible to form a solid solutigh?® 350
is conducted at 14001600 °C. This conventional method ‘@ !
of sintering needs such a high temperature due to the lack 300 |
of sufficient driving force for the sintering. Because of the “"n
same ionic valence of Gaand St*, the substitution of Ca P
by SP* results in no vacancy or interstitial ions on the lattice g
structure. It is possible to tailor the point defects in 2 200 |
Ca,SKTiO;3 by doping differently charged species, such as @
Li>SiOs, i.e., when it is accommodated into the;G&KTiOs ® 150
structure; both the vacancy and interstitial ions should be _E'
formed for charge compensation. It is expected that these® 490
defects can enhance diffusion on the basis of eq 1, as well @
as the first and second diffusion mechanisms. 50l
In a previous pap€ef it was reported that liquid-phase b
sintering could efficiently decrease the sintering temperature 0

of Ca—xSKTiO3z from 1400 to 120C0°C by using LpSi;Os,

which possesses the low melting temperature of ca. 1030

°C, as a sintering additive. Moreover, the solubility of this
additive in Ca—SKTiO3 reaches 1.0 wt %, and thensti

0.2 0.3 0.4
xinCa, Sr TiO,

Figure 2. Three-point bending strength of CaSKTiO3 (0.1 < x < 0.4)
with and without LpSi;Os followed by three sintering schedules, i.e., 980

0.1

SibOs segregates at the grain boundaries as a secondaryc for 2 h, 1200°C for 2 h, and 1206C for 15 min.

phasé® This means that the highest solubility of this additive
in the g phase is 1.0 wt % as is indicated in Figure 1.
Consequently, it is reasonable to perform the sintering
process in the single-phase field @fi.e., no formation of
the secondary phase for Cg5rTiO3 by adding less than
1.0 wt % LiSi,Os, which is similar in composition t@,
shown in Figure 1. Thus, considering the intersolubility, both
the partial substitution of CaT¥by SrTiO; and the

formation of the point defects by doping are able to increase

the sintering driving force for mass flow during heatig.

Experimental Section

Li,Si;Os was prepared by a conventional solid-state reaction
using the reagent grade (99.9%) powders @€0; and amorphous
SiO,. They were mixed by ball milling for 16 h and were calcined
at 1010°C for 10 h and then re-milled for 40 h with zirconia balls
in a polyethylene bottle. CaTiand SrTiQ powders were supplied
by the Sakai Chemical Industry Co. Appropriate quantities of
CaTiG;s, SrTi0;, and LpSiOs were wet-mixed in a polyethylene
bottle with ZrQ, balls and ethanol for 16 h. The mixtures were
dried at 85°C and then ground by an agate mortar. Two different
sintering routes were adapted in order to clarify the role of point

defects. The first one used the above-mentioned mixed powder

(11) Hwang, H. J.; Yasuoka, M.; Sando, M.; Toriyama, MAm. Ceram.
Soc.1999 82, 2417.

(12) Ball, C. J.; Begg, B. D.; Cookson, D. J.; Thorogood, G. J.; Vance, E.
R. J. Solid State Chen1998 139, 238.

(13) Ceh, M.; Kolar, D.; Golic, LJ. Solid State Chen1987, 68, 68.

(14) Yamanaka, T.; Hirai, N.; Komatsu, YAm. Mineral 2002 87, 1183.

(15) Qin, S.; Becerro, A. |.; Seifert, F.; Gottsmann, J.; Jiang, Mater.
Chem.200Q 10, 1609.

(16) Li, R.; Tang, Q.; Yin, S.; Yamane, H.; Sato, Mater. Sci. Eng. A
2004 373 175.

directly for sintering. In an alternate method route the mixed powder
was calcined at 900C for 10 h and then was ground prior to
sintering. After uniaxially pressing the powders into 2 20 x 5

mm? specimens at 20 MPa, the samples were subjected to cold
isostatic pressing under a pressure of 200 MPa and sintered at 980
and 1200°C for different times in air. The heating rate was
controlled at 2°C/min, and temperature variations were kept to
+2 °C.

The sintered body was polished to a mirrorlike finish and sliced
to measure the three-point bending strength; i.e., fracture strength
was determined at a crosshead speed of 0.5minT! and a span
width of 10 mm (Shimadzu, Autograph AG-20kNG).

The crystallographic phase constitution was characterized by
X-ray diffraction (XRD) analysis using graphite monochromatized
Cu Ka radiation (Shimadzu, XD-01). The microstructure was
observed using a scanning electron microscope (Hitachi, S-4100L)
and transmission electron microscope (JEOL, JEM-2000EX).

Results and Discussion

Material properties depend on the microstructure after
sintering. Generally, the strength is a comprehensive reflec-
tion of the densification and sinterability of a material. Figure
2 shows the three-point bending strengths of (2 TiO3
(0.1 =< x = 0.4) with 0-1.0 wt % LiLSi,Os followed by three
sintering schedules, i.e., 980 and 12@for 2 h and 1200
°C for 15 min. The bending strengths of C#&KTiO;
sintered at 980C without additives were very low, indicating
that the sintering of Ga,SKTiO3 without use of an additive
at such a low temperature as 980 is impossible. It was
observed that sintering was slightly promoted by increasing
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Figure 3. XRD patterns of CaxSKTiO3 (0.1 < x < 0.4) with 1.0 wt %
Li»Si,Os sintered at 980C for 2 h inair.

SrTiO; content,x, and greatly promoted by increasing-Li
Si,Os content. The slight promotion of sintering by replacing
smaller C&" with larger S#" may be due to enhancement
of the thermal vibration of the atonmd$The sintering at 980

Li et al.

existed in the case of = 0.3 and 0.4 as shown in Figures
4a and 4d, indicating that 1$i,Os remained at the grain
boundary for the samples witk = 0.1 and 0.2, but was
completely doped in the GaSKTiOs lattice forx = 0.3

and 0.4. The grain boundary phase is amorphous according
to the identification by the electron diffraction pattern (EDP)
as shown in Figures 4b and 4c. Additionally, an orthorhombic
CaTiG; structure was determined by EDP fordG8r sTiO3

with 1.0 wt % Li;Si;Os as is shown in Figures 4e and 4f.
The same result has been presented by HowardZt al.

According to the chemical composition, ionic radii,
coordination number, and Pauling’s Rules, the chemical
formula of Li;SiOs-doped Ca «SKTiO3 nonstoichiometry
may be written as [(Ga,Sk)2-2y2](Ti 2-2yLi 2) SipyOs—,Cy
(3: vacancy). This presupposes a partial substitution of Li
onto Ti*" sites together with the creation of interstitiafSi
ions, A site vacancy, and oxygen vacadty* Further study
is necessary to confirm the chemical formula of this material.

Based on the above experimental results, the densification
of Ca—SKTiO3 (0.1 < x < 0.4) with Li;Si;Os at 980°C
might be attributable to both the vacancy and interstitial
diffusions, together with the thermal vibration of the atoms
enhanced by the partial substitution of smalle”'Caith
larger S#t.17 Alternatively, the existence of some uncon-
sumed additive at the grain boundaries i G&rTiO3 (X
= 0.1 and 0.2) with 1.0 wt % LBi,Os might be attributed
to the lack of sufficient thermal vibration of the atoms
because of insufficient 3 content. As a consequence, it is
necessary to increase the sintering temperature to compensate
for the lack of the sintering driving force, and thereby

°C may be classified as solid-state sintering because thetemperatures as high as 120G are more valid for the

melting point of LiSi,Os is 1030°C. In a previous papéf,
it was reported that L5i,Os is soluble in Ca_,SKTiO3z up

sintering of Ca¢Sr1TiO3 and CagSt2TiOs. Moreover,
besides the grain boundary phase fop §5a 1TiOs3, its grain

to 1.0 wt %. Therefore, it is considered that the primary size is also smaller than that of £&10.3TiO3 by comparing

influence promoting sintering by doping withASi,0s was

Figures 4a and 4d; these results also imply that the sintering

caused by nonstoichiometrially activated sintering by the was stopped at some primary stage fog §a 1TiO3 sintered
lattice defects. The increase in the sintering temperature upat 980°C for 2 h.

to 1200 °C greatly increased the fracture strength of
Ca—xSKTiO3 (x = 0.1), but the fracture strength tended to
decrease with increasing sintering time and Sglé@ntent,

To clarify the effects of the point defects in CgSKTiO3
(0.1 = x = 0.4) on the densification and sinterability,
sintering at 980 °C was undertaken after forming

X, as shown in Figure 2. Therefore, little benefit is obtained [(Cay,St)2-2T](Tiz2,Liz)SinOs 0, by calcining the

by firing the specimens at such a high temperature as 1200

mixed powders at 908C for 10 h. As shown in Figure 5 by

°C for time as long as 2 h, probably due to excess grain ypp analysis, the alloying of CaTiDand SrTiQ was

growth?!® Similar phenomena have been found in the previous

study, i.e., the densification and sintering prior to the liquid
formation for enhanced sintering of A5.1°

Ca«SKTiO3 (0.1 < x < 0.4) with 1.0 wt % L}Si;Os
sintered at 980°C consisted of a single-phase CafiO
orthorhombic structure, as shown in Figure 3 by XRD
analysis. It is in agreement with prior repots!® However,
a comparison of the fracture surfaces for.GarTiO3 (0.1
< X < 0.4) with 1.0 wt % L}Si,Os sintered at 980C for 2

h demonstrates that there existed some residual additive a{

the grain boundaries of @aSKTiO3; (x = 0.1 and 0.2) with
1.0 wt % LiLSibOs. However, no grain boundary phase

(17) Hazen, R. MPhys. Chem. Mineral3977, 1, 83.
(18) Li, C.; German, R. MMetall. Trans. A1983 14A 2031.
(19) Kim, H.; Lee, J.; Kim, JJ. Am. Ceram. SoQ00Q 83, 3128.

completed during the calcination at 900; therefore, it was
expected that alloying k5i,Os was also completed during
the calcination process.

Figure 6 shows the photographs ofsGar 2 TiO3 and Lb-
Si205'd0ped Cassro,zTiO& [(Calfxsrx)zfzyljzy](-ri272y|_i2y)-
SiyOs—yOy (x = 0.2), sintered at 980C for 2 h after

(20) Howard, C. J.; Withers, R. L.; Kennedy, B.J1.Solid State Chem
2001, 160, 8.

21) Dussarrat, C.; Howie, R. A.; Mather, G. C.; Torres-Martinez, L. M.;
West, A. R.J. Mater. Chem1997, 7, 2103.

(22) Suckut, C.; Howie, R. A.; West, A. R.; Torres-Martinez, L. M.
Mater. Chem1992 2, 993.

(23) West, A. R.Solid State Chemistry and Its Applicationg/iley:
Chichester, 1984.

(24) Torres-Martinez, L. M.; Suckut, C.; Jimenez, R.; West, AJRViater.
Chem 1994 4, 5.
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Figure 4. SEM images of fracture surfaces ((a), (d)), TEM images ((b), (e)), and electron diffraction pattern (EDP) images ((c), (f)). The imagés of (a)
belong to the compound of @g5r.1TiO3, and (d)-(f) are of Ca.7Sr.sTiO3 with 1.0 wt % LbSiOs sintered at 980C for 2 h inair.

v
v Cz—lTIO3

v SrTio,

v

(b)

Intensity

(a)
0O 10 20 30 40 50 60 70 80
CuKa 26 (deg.)

Figure 5. XRD patterns of C@gSIo.2TiO3 powder with 1.0 wt % LiSi;Os
(a) before and (b) after a calcination at 90D for 10 h.
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3cm

Figure 6. Photographs of GaSr 2TiO3 (a) with 1.0 wt % and (b) without
Li»Si,Os sintered at 980C for 2 h after calcination at 908C for 10 h.

calcination at 900C for 10 h. It is obvious that doping with
Li,Si,Os before sintering is also quite an effective method
to promote sintering; i.e., nonstoichiometrically activated
sintering occurred equally in the powders both with and
without calcinations.

Fracture test shown in Figure 7 also indicates similar

—&—1.0 wt% Li,Si, 0 Without Calci. 980°CX2h
-0 wt% Li25i205. Without Calci. 980°Cx2h
-0 wt% Lizsizos’ 900°C X 10h Calci. 980°C X 2h
1.0 wt% LiZSIZOS, 900°C X 10h Calci. 980°C X 2h

250 |

P
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o 100f
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k=)

&
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0 M M " "
0 0.1 0.2 0.3 0.4 0.5

x in Ca, Sr TiO,

Figure 7. Three-point bending strengths of C&KTiO3 (0.1 < x < 0.4)
with 1.0 wt % and without LiSi;Os sintered at 980C for 2 h with and
without calcination at 900C for 10 h.

Nonstoichiometrically Activated Sintering Model

The above discussions provide a basis for describing a
more realistic theory of nonstoichiometrically activated
sintering. In this vein, a model of consolidation is formulated.
Initially, the solid-state dissolution of the 43i,0s additive
together with SrTiQin CaTiO; occurs by chemical potential

results. That is to say, the point defects formed by doping gradients during heating. The important feature to note is

with Li,Si,Os were effective to promote sintering for the
powders both without and with calcinations at 900,

that the diffusion is a self-accelerated process. The more the
additive dissolves, the more rapidly the diffusion proceeds

although the fracture strengths of the samples prepared usinglue to the introduction of both the vacancies and interstitial
calcined powders were a little smaller than those without silicon ion. In addition, the partial substitution of theCa

calcinations. It may be due to the agglomeration of the
powder during calcination.

by SP* ion also improves the self-diffusion due to the
vigorous thermal vibration of atom.
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With use of this model, the experimental results mentioned content. (3) The primary influence promoting the sintering
above might be explained; namely, the sintering of (- of Ca,_xSKTiO3 by doping with LpSi,Os seems to be caused
TiO; (0.1 = x = 0.4) can be improved by increasingLi by the nonstoichiometrially activated sintering by creating
Si,Os content as well as SrTgxontentx. When the value point defects.
of x in Ca_4SKTiO;3 is less than 0.2, the promotion of
sintering was not large enough because of insufficient atom
vibration resulting from SrTi@diffusion. Consequently, the
samples ok = 0.1 and 0.2 consisted of smaller grains than
those ofx = 0.3 and 0.4, and the additive remained in the
amorphous phase at the grain boundary.
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