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Abstract A two-step molten salt synthesis process was uti-

lized to fabricate Sr3Ti2O7 and SrTiO3. High aspect ratio

SrTiO3 seed crystals were developed by optimizing process-

ing conditions such as temperature, salt-to-oxide ratio, and

flux type in a systematic fashion. Sr3Ti2O7 seeds were syn-

thesized at temperatures ranging from 1050–1350◦C, using

salt-to-oxide ratios of 3:1, 1:1, and 1:3, and various salt types,

including NaCl, KCl, and a 1:1 combination of NaCl and

KCl. Sr3Ti2O7 seeds synthesized at 1250◦C with a 1:1 salt-

to-oxide ratio in 100% NaCl salt resulted in a majority of

higher aspect ratio platelets and elongated platelets as op-

posed to lower aspect ratio cubic-like and tetragonal-like

morphologies. The seeds were 10–40 μm in length with as-

pect ratios of highly elongated platelets as high as 25:1. A

second MSS step was used to synthesize SrTiO3 seeds of

the proper composition by TiO2 addition to the Sr3Ti2O7

seeds and heat treatment at 1100◦C. These studies showed

that highly anisotropic SrTiO3 seeds could be produced at

1250◦C using a 1:1 salt-to-oxide ratio in 100% NaCl flux.

XRD studies of the resulting SrTiO3 seeds revealed that the

increase in aspect ratio for these particular seeds also resulted

in the enhancement of (200) peaks, which are of major inter-

est for texturing of PMN-PT.
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1. Introduction

Molten salt synthesis (MSS) is a technique by which

millimeter-size seed crystals can by synthesized at low

temperatures. It is a well-established fact that the reaction

rates and diffusion kinetics are sluggish in low-temperature

processes because of limited thermal activation. A typical

countermeasure to overcome such barriers is to increase the

processing temperature so as to increase reaction and mass

transport rates, thereby reducing the time scales involved in

a given process [1]. A good example to such an approach is

the so-called mixed oxide route—a process based on solid-

state diffusion. MSS, on the other hand, takes advantage of

the much higher mass transport rates attainable in a melt,

thereby enabling one to carry out the synthesis at modest

temperatures at a reasonable rate [1]. The three main stages

of MSS include: (i) mechanical mixing of the salt and oxides,

(ii) melting of the salt and homogenization of the constituents

in the melt, and (iii) heat treatment to effect the nucleation

and growth of the desired phase [2]. The two fundamental

requirements for MSS are: (i) the judicious choice of proper

oxides that will ultimately form the desired solid solution in

the end, and (ii) the use of suitable lower melting tempera-

ture fluxes, which will promote the reactions to occur at a

low temperature. The choice of the fluxes is critical since the

salts should not react with what is being synthesized (negli-

gible solid solubility in the oxides), should be easy to remove

after the process is completed, and should have low melting

temperatures relative to the formation temperatures of the

products [1]. Of utmost importance are MSS processing pa-

rameters such as the ratio of salt-to-oxide powder, the type of

salt or salt mixture, the initial particle size of the starting ma-

terials, and the synthesis temperature and dwell time of the

heat treatment as they dictate the final particle size, morphol-

ogy and aspect ratio of the product(s) (hereafter seeds) [2].
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High aspect ratio seeds are desired for in-situ templated grain

growth (TGG), which involves aligning of the seed crystals

in a matrix and a subsequent heat treatment to enhance textur-

ing along a specific crystallographic direction. By the proper

choice of the texturing direction, one can asymptotically ap-

proach single crystal properties in a given material, and at

the same time bypass the difficulties associated with single

crystal growth processes, especially in the case of Pb-based

ferroelectric oxides. However, it is imperative that the aspect

ratio of the seed crystals be maximized to: (i) provide better

alignment in the matrix during forming, and (ii) have maxi-

mum thermodynamic driving force along a specific crystal-

lographic axis [3].

Anisotropic and 〈100〉-oriented SrTiO3 seed crystals

with average lengths of ∼10–30 μm and a thickness

of ∼2–5 μm (average aspect ratios ranging from 2:1

to 15:1) have previously been fabricated by a two-step

MSS reaction [4–8]. Tetragonal Sr3Ti2O7 seeds were syn-

thesized in the first MSS step, and used to grow cu-

bic SrTiO3 in molten potassium chloride salt in the sec-

ond MSS step [4]. These SrTiO3 seed crystals have been

utilized as templates for texturing of sodium bismuth ti-

tanate, (Na1/2Bi1/2)0.945Ba0.055TiO3 [9], and lead magnesium

niobate-lead titanate, Pb(Mg1/3Nb2/3)O3-PbTiO3 [6–11]. In

the previous studies, the effects of MSS parameters such as

temperature, salt-to-oxide ratio, and flux type on the mor-

phology of Sr3Ti2O7 and SrTiO3 seed crystals have not been

investigated in a systematic fashion. Therefore, the purpose

of this study is to provide a quantitative account of the effects

of such MSS processing parameters on seed crystal morphol-

ogy so as to establish a solid footing for optimized TGG of

ferroelectric materials.

2. Experimental

SrCO3 (99.9% Aldrich) and TiO2 (>99% Aldrich, predom-

inantly rutile) were mixed in a 3.1:2.0 molar ratio (2.86:1.0

weight ratio) in accordance to the first MSS reaction repre-

sented by:

3SrCO3 + 2TiO2 → Sr3Ti2O7 + 3CO2 (1)

The SrCO3 and TiO2 were ball milled in ethyl alcohol for 24

h. After mixing the oxides, salts of either KCl, (99.0–100.0%

Alfa Aesar), NaCl (99.0% Alfa Aesar), or a 50:50 weight %

mixture of both were added, and an additional 24-h mixing

step was employed. Salts such as potassium chloride (KCl)

and sodium chloride (NaCl) have melting temperatures of

∼780 and ∼800◦C; respectively. They serve as good low

temperature melting fluxes that allow high mobility of ox-

ides. The effect of salt-to-oxide ratio (S/O) was analyzed by

varying it as 3:1, 1:1, and 1:3. Upon mixing, the constituents

were dried overnight, placed into an Al2O3 crucible, and

sealed. The mixture underwent heat treatment at a rate of

500◦C/h, with maximum temperatures ranging from 1050 to

1350◦C. The mixture was then cooled at 180◦C/h to room

temperature, after an isothermal soak at the maximum tem-

perature for 6 hours duration. The fused mixture was slowly

dissolved and stirred in boiling water over a series of washing

steps (10–15 in total) in order to remove the salt, which was

followed by a series of ultrasonic washing steps (5–10) in

isopropyl alcohol so as to separate the coarse Sr3Ti2O7 seeds

(∼10–30 μm) from the fine seeds (1–5 μm). The coarse seeds

were then analyzed by X-ray diffraction (XRD) for qualita-

tive phase analysis to confirm the identification of the seeds

as Sr3Ti2O7, and by scanning electron microscopy (SEM) to

study the aspect ratios and morphologies of the seeds grown

under different conditions.

The coarse Sr3Ti2O7 seed crystals were prepared for a

second MSS step, based on the reaction:

Sr3Ti2O7 + TiO2 → 3SrTiO3 (2)

by adding a 1.0:1.1 molar ratio (5.36:1.0 weight ratio) of

Sr3Ti2O7 to TiO2. The seeds and powder were mixed for

24 h in isopropyl alcohol. The type of flux and S/O ratio

were kept the same as in the first MSS step. The oxide and

salt(s) were again mixed for 24 h on a ball mill. After dry-

ing, the constituents were added to an Al2O3 crucible, and

underwent heat treatment at a rate of 600◦C/h up to 1200◦C

for 4 h. The seeds went through 10–15 washing, and 5–10 ul-

trasonication steps to separate the fine seeds from the coarse

ones as before. The remaining coarse seeds were examined

with X-ray diffractometry and scanning electron microscopy

(SEM) as before.

3. Results and discussion

The three processing parameters that were systematically

varied during processing to analyze their effects on aspect ra-

tio and morphology were the temperature of heat treatment,

the salt-to-oxide ratio (S/O), and the type of flux used for

the reaction. Specifically, these processing parameters were

altered during the synthesis of Sr3Ti2O7 seed crystals in the

first MSS step so as to investigate any possible changes in

the morphology and aspect ratio of the grown seeds as that

dictates the final morphology. All of the other processing

conditions remained equal, i.e. ceteris paribus.

3.1. Effect of temperature

Four batches of Sr3Ti2O7 seeds crystals were prepared with

100% KCl flux and 1:1 salt-to-oxide ratio, with all other

processing steps remaining equal except for the maximum
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Fig. 1 Sr3Ti2O7 seeds
synthesized at different
temperatures

temperature of heat treatment. The batches of seeds were syn-

thesized at 1050, 1150, 1250◦C, and 1350◦C. Figure 1 shows

SEM micrographs of the seeds as a function of processing

temperatures. The lower temperature batches heat-treated at

1050◦C and 1150◦C showed 10–20 μm grown Sr3Ti2O7 seed

crystals with almost exclusively cubic-like and tetragonal-

like morphologies, as shown in Figs. 1(a) and (b), respec-

tively. The seed crystals that were synthesized at 1250◦C

started to show evidence of platelet morphologies (Fig. 1(c)),

with an increase in the number of seeds with higher aspect

ratios ∼6:1 (average ∼12 μm length and ∼2μm thickness).

In the samples synthesized at 1350◦C, one observes that the

edges of the seeds became rounded and indicated the begin-

ning of a decrease in the high aspect ratio morphology (Fig.

1(d)).

The morphology and estimated aspect ratio (ξe) of the

seeds that were synthesized at the temperatures indicated

and discussed above is summarized in the schematic de-

picted in Fig. 2. The aspect ratio of pseudo-cubic and pseudo-

tetragonal seeds was found to be ∼1:1 and ∼3:1, respectively.

These types of morphologies make it difficult to obtain well-

aligned seeds under the action of a shear force during forming

processes such as tape casting or solid freeform fabrication

[12]. It follows from the SEM study that the best tempera-

ture range for producing higher aspect ratio Sr3Ti2O7 seed

crystals is in the vicinity of 1250◦C. However, when the tem-

perature is increased further, the aspect ratio diminishes. The

decrease in aspect ratio for temperatures above 1250oC can be

attributed to the loss of potassium and sodium via evaporation

from the system, thereby adversely changing the solubility of

Fig. 2 Schematic of the observed morphologies in grown Sr3Ti2O7

seeds. (AR: aspect ratio)

the oxides in the melt. As the initial composition of the flux

as well as the salt/oxide ratio would change due to volatiliza-

tion at such high temperatures, one expects the morphology

of the seeds to be affected accordingly.

3.2. Effect of salt-to-oxide ratio

Figure 3 shows representative samples of Sr3Ti2O7 seed crys-

tals synthesized at 1250◦C in 100% KCl flux, using various

S/O ratios ranging in the order 3:1, 1:1, and 1:3. The seeds in

Fig. 3(a) (S/O=1:1) were produced under the same conditions
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Fig. 3 Sr3Ti2O7 seeds
synthesized with different
salt-to-oxide ratios at 1250◦C

as the seeds depicted in Fig. 1(c). Comparing the two figures,

one observes a mixture of higher aspect ratio platelet seeds

and seeds with pseudo-cubic as well as pseudo-tetragonal

morphologies. In going to 3:1 and 1:3 S/O ratio, however,

one observes a pronounced change in the morphology of the

seeds as shown in Figs. 3(b) and (c). The seeds synthesized

at a 1:3 ratio, which are obtained from batches containing

more oxide than salt content, do not exhibit the desired high

ξe. In such batches, the seeds grew into each other, giving

the appearance of a stacked or layered structure, as shown in

Fig. 3(b). It is appearent that the amount of molten flux in

the crucible was not enough to separate the growing seeds

from each other, so they could not grow as individual seed

crystals. Platelet seeds could not be mechanically separated.

As such, these seeds were essentially aggregates with low

aspect ratio.

The seeds synthesized with 3:1 salt-to-oxide ratio con-

tained excessive flux so that 10–15 washing steps were not

sufficient to remove the salts from the oxides. In an effort

to separate out the salts and fine Sr3Ti2O7 seed crystals, the

washing and ultrasonication steps were doubled. However,

that did not suffice to isolate the majority of coarse seeds

from the salts and the fine seeds. In Fig. 3(c) the fine seeds

(1–3 μm) that could not be separated from the remainder

of the batch even after doubling the number of washing and

ultrasonication steps are shown. These steps are critical for

minimizing the amount of salt since the dissolution of even

minute monovalent cations (K+ and Na+ in this case) in the

host lattice during the subsequent TGG may degrade the di-

electric properties and impart accelerated aging [2]. Some of

the coarse 3:1 seeds could be recovered from the synthesized

batches, and were analyzed by SEM. No aggregation among

the coarse seeds has been observed as in the case of 1:3 S/O

seeds. Furthermore, SEM studies indicated that the coarse

3:1 S/O seeds were of high aspect ratio.

It follows from the phenomenological observations dis-

cussed above that a low salt content is advantageous for

practical purposes since it is easier to separate out the synthe-

sized seeds after cooling. A higher salt content produces an

increase in seed size and aspect ratio. That, in turn, is due to an

increase in the mean particle separation in the melt, leading

to an extended growth without the hindrance of the concomi-

tant growth of surrounding particles or the fusion of particles

onto each other. On the other hand, a higher flux ratio also

leads to a bimodal seed size distribution, in which the separa-

tion of coarse and high ξe seeds becomes difficult. Based on

the aforementioned experimental results, it can be concluded

that 1:1 S/O ratio is the best compromise. It produces seeds

with acceptable aspect ratio (ξe ∼ 6:1), while maintaining

easy separation of coarse seeds (10–20 μm) from fine ones

(1–3 μm). Although the seed size is still bimodal, the frac-

tion of fine seeds (∼0.40) is appreciably lower than that of

large seeds.

3.3. Effect of flux type

The third parameter analyzed was the effect of flux type on the

final morphology and aspect ratio of Sr3Ti2O7 seeds. Based

on the effect of temperature and salt-to-oxide ratio study,
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Fig. 4 Sr3Ti2O7 seeds
synthesized with different fluxes
at 1250◦C

all seed crystals were synthesized with a salt-to-oxide ratio

of 1:1 at 1250◦C. Then, 100% KCl flux, 50%KCl:50%NaCl

and 100% NaCl fluxes were utilized. The seeds synthesized

using 100% KCl flux with 1:1 salt-to-oxide ratio at 1250◦C

typically showed a mixture of cubic-like, tetragonal-like, and

platelet-like seed crystals, which was consistent with previ-

ous seeds grown under the same conditions. With the addition

of NaCl to KCl so as to obtain a 50% equi-molar flux mixture,

a major improvement in the aspect ratio was observed. SEM

studies showed that a greater number of platelets of Sr3Ti2O7

were grown, as compared to cubic-like and tetragonal-like

seed crystals as in the case for 100% KCl flux. Figures 4(a)

and (b) demonstrate the improvement, showing elongated

platelets with aspect ratios in the range of ∼10:1 to 15:1.

The submicron particles in the SEM images are the result of

insufficient washing of these samples, but this problem was

easily corrected by adding several more washing and ultra-

sonication steps to the post-synthesis process. When the flux

was changed to 100% NaCl, the overwhelming majority of

grown seeds possessed a tabular morphology, and the average

size of the seeds had further increased as shown in Figs. 4(c)

and (d). A small percentage of the Sr3Ti2O7 seeds showed

aspect ratios as high as ∼20:1 to ∼25:1 (∼50 μm length,

∼2 μm thickness). Both size and shape differences were ev-

ident as the flux was changed. In Fig. 5, the X-ray pattern of

the Sr3Ti2O7seeds as obtained after the first MSS step using

100% KCl and NaCl flux is shown, respectively. The phase of

Sr3Ti2O7 obtained therein is tetragonal (JCPDF Card #: 11-

0663), and the experimentally observed intensities indicate

an equi-partitioned [114] and [107] preferred orientation. No

appreciable second phase is seen in the X-ray patterns.

Previous work has shown that the solubility relation be-

tween a given oxide and a flux is critical in dictating the

rate of seed formation, its morphology and size [2, 13–16].

Specifically, the extent of supersaturation of the molten salt

for a given oxide under isothermal conditions determines the

final morphology as well as the size of the final seeds, i.e.

the higher the supersaturation the higher the aspect ratio and

size of seeds. It follows from this line of reasoning in con-

junction with the experimental results obtained herein that

the solubility of TiO2 and SrCO3 should be higher in NaCl

than KCl, since larger seed crystals were synthesized from

in molten salts containing NaCl flux for a given processing

temperature and cooling rate [2].

3.4. Synthesis of SrTiO3 seeds

After optimization of the morphology and aspect ratio of

the grown Sr3Ti2O7 seed crystals, the second MSS step was

conducted and the proper separation steps were performed

to synthesize SrTiO3 seeds. Sr3Ti2O7 seed crystals produced

from 100% KCl, 50% KCl-50% NaCl, and 100% NaCl fluxes

in the first MSS step were used to obtain SrTiO3 in the second

MSS step. Figures 6(a) and (b) show a comparison between

SrTiO3 seeds synthesized from 100% KCl and 100% NaCl

fluxes, respectively. It is seen that there is a difference in size

and shape of the resulting SrTiO3 seeds, with the majority
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Fig. 5 Phase analysis of
Sr3Ti2O7 seed prepared from
KCl and NaCl fluxes at 1250◦C

Fig. 6 X-ray comparison of
SrTiO3 seeds synthesized with
different fluxes

of seeds from 100% KCl flux being ∼10–15 μm in length,

either a pseudo-cubic or pseudo-tetragonal morphology. The

seeds obtained from 100% NaCl, on the other hand, were

larger typically ∼20–40 μm length and possess a platelet or

elongated platelet morphology. It is interesting to note that

the observed variation in seed size and morphology in SrTiO3

parallels that of its precursor (Sr3Ti2O7), indicating that the

growth mechanism of such Sr+2 and Ti4+ oxides should be

the same in KCl and NaCl melts in MSS.

X-ray studies not only confirmed that the seed crystals

were characteristic of (100)-oriented SrTiO3, but also a sig-

nificant difference between the SrTiO3 seeds grown from

different fluxes, resulted in different preferred orientation.

Figure 6 is a comparison of XRD spectra of SrTiO3 seeds
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grown from Sr3Ti2O7 seeds, synthesized in either 100%KCl,

50%KCl:50%NaCl, or 100%NaCl fluxes. The samples were

prepared for XRD by aligning a thin layer of SrTiO3 seeds on

the sample holder and performing a scan over 2θ values of 20-

80◦. The peak with the highest intensity for a standard poly-

crystalline SrTiO3 powder sample (JCPDS PDF#35-0734)

belongs to the (110) refection. In such patterns, the (200)

peak is typically ∼50% of the intensity of the (110) peak.

Using the first two strongest peaks as indicated above, we

have examined the X-ray traces of the seeds and have de-

termined that residual Sr3Ti2O7 after the second MSS was

very negligible. The main phase obtained by the use of three

types of fluxes was identified as a cubic SrTiO3 (JCPDF card

# 35-0734) as shown in Fig. 6. The SrTiO3 seeds crystals

from 100% KCl showed the same peak trends, but there was

evidence of some enhancement of the (200) peak, which was

∼70% of the highest intensity (110) peak. As the NaCl flux

was added for the 50% KCl:50% NaCl SrTiO3 sample, the

(200) peak became the highest intensity peak. For the SrTiO3

seeds grown from 100% NaCl Sr3Ti2O7 seed crystals, this en-

hancement became even more evident, as the (110) peak was

∼44% of the highest intensity (200) peak. The reason for the

enhancement of the (200) peak with increased NaCl content

was a direct result of the change in morphology. Since the

number of seeds with platelet morphology increased with

NaCl content, and the faces of the platelets possessed an

(h00) orientation [4, 5], the intensity collected from XRD

showed an enhancement of the (200) peak. The (h00) inten-

sities from seed crystals with cubic-like or tetragonal-like

morphologies were not as strong. This is the same reasoning

that should be taken into consideration with texturing of the

SrTiO3 seed crystals. With proper alignment of the higher

aspect ratio seeds in a compatible polycrystalline matrix by

shear force, there should be a higher degree of texturing in a

specific crystallographic orientation, resulting in higher ma-

terial properties.

4. Concluding remarks

SrTiO3 seed crystals were synthesized by a two-step MSS

process. In the first MSS step, Sr3Ti2O7 seeds were pro-

duced. SrTiO3 seeds were then synthesized using Sr3Ti2O7

seeds as precursor in a second MSS step. During the synthesis

of Sr3Ti2O7 seeds, processing parameters such as the maxi-

mum MSS temperature, the salt-to-oxide ratio, and the type

of flux were varied; and their effect on the aspect ratio and

morphology of the seed crystals were assessed. The highest

aspect ratio seeds were obtained in Sr3Ti2O7 seeds that were

synthesized with a 1:1 salt-to-oxide ratio in 100% NaCl flux

at 1250◦C produced, along with a small percentage of highly

elongated platelets exhibiting an aspect ratio as high as 25:1.

SEM studies of the (100)-oriented SrTiO3 seed crystals syn-

thesized from these Sr3Ti2O7 seeds resulted in an increase

in STO seed aspect ratio as confirmed by X-ray diffractome-

try where an enhancement in the (200) peaks of SrTiO3 was

observed and is attributed to the increase in NaCl content.
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