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Rapid and direct synthesis of
complex perovskite oxides through
a highly energetic planetary milling
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Published: 07 April 2017 . Thesearch for a new and facile synthetic route that is simple, economical and environmentally safe is
. one of the most challenging issues related to the synthesis of functional complex oxides. Herein, we
report the expeditious synthesis of single-phase perovskite oxides by a high-rate mechanochemical
reaction, which is generally difficult through conventional milling methods. With the help of a highly
energetic planetary ball mill, lead-free piezoelectric perovskite oxides of (Bi, Na)TiO3, (K, Na)NbO,
and their modified complex compositions were directly synthesized with low contamination. The
reaction time necessary to fully convert the micron-sized reactant powder mixture into a single-phase
. perovskite structure was markedly short at only 30-40 min regardless of the chemical composition.
© The cumulative kinetic energy required to overtake the activation period necessary for predominant
. formation of perovskite products was ca. 387 kJ/g for (Bi, Na)TiO; and ca. 580 kJ/g for (K, Na)NbO,. The
* mechanochemically derived powders, when sintered, showed piezoelectric performance capabilities
comparable to those of powders obtained by conventional solid-state reaction processes. The observed
mechanochemical synthetic route may lead to the realization of a rapid, one-step preparation method
by which to create other promising functional oxides without time-consuming homogenization and
high-temperature calcination powder procedures.

Complex perovskite oxides containing suitable chemical elements are highly versatile and present a broad range
© of useful functionalities with unique physico-chemical properties. Traditionally, the majority of these materials
. have been produced by a solid-state reaction process, in which several intricate processing steps, including a long
. period of mixing or grinding of the reactant powders, multiple and prolonged calcination steps at high temper-

atures, and intermediate wet milling processes, are essential to create the proper chemical homogeneity and the

desired structures’.

Recently, the field of mechanochemistry has seen a considerable upsurge of interest, mainly driven by the
quest for a solvent-free, direct reaction and the low-temperature synthesis of various functional oxides®. The
mechanochemical synthetic route is simple to implement, sustainable, and highly energy-efficient when typically
carried out using a milling technique. The greatest potential lies in the possibility of promoting solid-state chem-
ical reactions by which any reactant changes into any product at room temperature, as this is possible because the
reaction is triggered by means of mechanical stress instead of heat to overcome all thermodynamic reaction barri-
ers*S. For the past two decades, intense efforts have been devoted to preparing various functional oxides, includ-
ing PbTiO,’, PbZrO,%, Pb(Zr, Ti)O,>, (Pb, La)(Zr, Ti)O5'>13, Pb(Mg, Nb)O;!+V7, Pb(Mg, Nb)O,-PbTiO, 1,
BaTi0,;*?!, NaNbO;**?*, KNbO;*, (K, Na)NbO;?>%, and BiFeO;?%, mechanochemically using different types of
amill. Among them, a planetary ball mill has been the most popular type of mill adopted in mechanochemical
studies of oxides, as is characterized by higher milling energy and thus more efficient in reducing the particle size
of initially larger particles?”?%, compared to vibratory and attrition mills.

Nevertheless, it has been difficult to stabilize a single-phase perovskite in a direct and rapid manner from the
initial reactant powder mixture usually consisting of micron-sized particles, which are cheap, easily affordable
and typically used in conventional solid-state synthesis. Extending the milling time (typically, from tens to hun-
dreds of hours) has usually been ineffective when attempting fundamental chemical changes. In many cases, a
nano-crystalline or amorphous structure of the reactant powders resulted, often with contamination from the
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milling medium. Several studies have just shown that the mechanical stress generated by ball impacts can modify
the reactant powders to lower the calcination temperature and processing time?>?**. As the milling time required
for nano-crystallization, which is a prerequisite for desired mechanochemical reaction, significantly depends on
the initial particle size®!, Ohara et al. have shown that the total duration to achieve the mechanochemical trans-
formation can be greatly reduced by using the reactant powders at the nanoscale?!.

The lack of the rapid and direct synthesis of a perovskite product by a planetary ball mill is attributed to a
kinetic limitation associated with difficulties in developing a mill capable of providing highly energetic impacts
that are critical to manage the mechanochemical reaction and related yield. Theoretical modeling of kinematic
equations describing the energy transfer of the ball to the powder in a planetary mill was well established by
Burgio et al.*. Kinetic considerations of the mechanochemical behavior of alkali niobate oxide by correlating
the milling parameters were also formulated by Rojac et al.**. Although the experimental details from different
studies were in some cases incomplete, thus thwarting deeper insight into this kinetic issue, our extensive liter-
ature survey and the calculation based on Burgio’s model indicated that the existing total energy transferred to
the powder or cumulative kinetic energy (as determined by the ball-impact energy, ball-impact frequency and
milling time) afforded by planetary mills was typically less than ca. 35k]J/g for 1 h of milling, depending on design
of the mill, the milling medium, the milling speed, and other related factors (Table 1).

Given that the level of energy and number of impacts transferred to the reactant powders may be corre-
lated with an intrinsic activation energy barrier of the reaction system, at a higher activation energy level of
a given reaction, a more energetic milling condition is needed to cause a reaction between starting materials
mechanochemically. This also helps to facilitate chemical reactions at a faster rate and minimize chemical losses
and/or contamination. From this perspective, we show here that single-phase perovskite oxides can be expedi-
tiously synthesized from micron-sized reactant powders via a mechanochemical reaction by a highly energetic
ball milling process, especially with significantly higher ball-impact energy and frequency levels. Experimental
results are presented for two widely studied piezoelectric oxides, (BiysNa,5)TiO; (BNT) and (K, sNa, ;) NbO;
(KNN), as well as their modified complex compositions, 0.76(Bi, sNa, 5) Ti0;3-0.04(Bi, 5Ly 5) TiO5-0.2(Biy 5K, 5)
TiO; (BNT-BLT-BKT) and 0.955 (K 45Na5,)NbO3-0.03Bi, 5(Nay ;K ,Lig 1)Zr0;3-0.01(Biy sNa, 5) TiO;
(KNN-BNKLZ-BNT), as the solid-state syntheses of BNT- and KNN-based oxides and their chemical modifica-
tions are currently major challenges facing research on lead-free piezoelectrics*. Using the mechanochemically
derived powders, the sintering characteristics and bulk piezoelectric properties are demonstrated and compared
to those obtained from a conventional solid-state reaction process.

Methods

Materials. The reactants used in this study were K,CO; (>99.0%, ~150 um, Sigma-Aldrich), Na,CO,
(>99.5%, ~10 pum, Sigma-Aldrich), Li,CO; (99.997%, ~20 pm, Sigma-Aldrich), Nb,O5 (99.9%, ~2 pum, Sigma-
Aldrich), Bi,O;3 (99.9%, ~10 pm, Sigma-Aldrich), ZrO, (99.0%, ~5pm, Sigma-Aldrich), and TiO, (>99.9%,
~1pm, Sigma-Aldrich), which are typically used in a conventional synthetic process. The carbonate powders of
K,CO;, Na,CO; and Li,CO; were dried at 120 °C for 24 h before use owing to their hygroscopic characteristics.
Also, all treatments of these powders, including weighing and drying, were carefully performed within a glove
box filled with an Ar gas atmosphere. Stoichiometric Bi,05-Na,CO;-TiO, and K,CO;-Na,CO;-Nb,O; powder
mixtures were used for the syntheses of pure BNT and KNN, respectively. The general chemical reactions of the
reactants for the formation of BNT and KNN are as follows:

0.25Bi,0; 4 0.25Na,CO, + TiO, — (Bi, ;Na, ;) TiO; + 0.25CO, | 1)

0.25K,CO; + 0.25Na,CO; + 0.5Nb,05 — (K, sNa, 5)NbO, + 0.5CO, T )

Additionally, their respective modified compositions were used as templates to assess the feasibility of prepar-
ing more complex compositions, specifically, 0.76BNT-0.04BLT-0.2BKT and 0.955KNN-0.03BNKLZ-0.015BNT,
which were recently discovered to possess excellent piezoelectric properties®**?¢. These modified oxides were pre-
pared using the stoichiometric Bi,0;-Na,CO;-TiO,-Li,CO;-K,CO; and K,CO;-Na,CO;-Nb,0;-Bi,0;-Li,CO;
-Zr0O,-TiO, powder mixtures, respectively.

Highly energetic planetary milling and mechanochemical synthesis. Mechanochemical treat-
ments were conducted using a planetary ball mill that was specially developed to provide the much higher milling
speed required to increase both the impact energy and frequency. Several design concepts were used to maximize
the rotational speed, including the anti-directional rotation mode of the disk and vial, the frictional contact
between the disk and vial, the dimensions (diameter, height) of the disk and vial, the mechanical balance of
the vial-embedded supporting disk at higher rotational speeds and efficient cooling with water to realize the
high-speed milling operation at room temperature inside the vial (Figure S1)*”. The vial was 5.2 cm in diameter
D, and 100 cm? in volume. The distance between the rotational axes of the supporting disk and vial R, was 5.3 cm.
The ratio of the rotational angular speeds of the vial (W,) and supporting disk (W) was 2.4 (W, = —2.4W,). The
attainable values of rotational speeds of the disk and vial were ca. 1100 and ca. 2640 rpm at a maximum, respec-
tively. In all cases, ca. 5g of a stoichiometric powder mixture was placed in a vial with balls (5, 8, 10 and 12mm in
diameter dy), both made of tungsten carbide (15.1 g/cm® in density p,). The ball-to-powder weight ratio was kept
at 36:1. Hence, the numbers of balls (N,) incorporated were 185, 45, 23 and 13 when the ball diameters were 5, 8,
10 and 12 mm, respectively. The rotational speeds of the disk and vial were set to 1000 and 2400 rpm, respectively,
in the present experiments. The milling experiments were performed at different times in an argon atmosphere
(ca. 0.3 MPa).
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BNT/KNN | No.1 WC/5 1000 115 15725 | 2.5 | 3257(1303) | @/O | This work
BNT/KNN | No.2 WC/8 1000 421 3825 | 2 | 2320(1160) | @/@ | Thiswork
BNT/KNN | No.3 WC/10 1000 760 1955 | 2 | 2140(1070) | @/@ | Thiswork
BNT/KNN | No.4 WC/12 1000 1209 1105 | 2 | 1924(962) | @/@ | Thiswork
BNT/KNN | No.5 YSZ/3 1000 10.8 72250 | 5 | 2800(560) x/x | This work
BNT/KNN | No.6 YSZ/5 1000 46.4 15725 | 2.5 | 1312.5(525) | O/x | This work
PT P5 WC/20 250 671 200 | 20 | 322(16.1) &) 171
PZ P5 WC/20 200 429 160 | 24 | 198(8.2) A 8]
PZT P5 WC/20 200 429 160 | 80 | 659(8.2) &) 19]
PZT P5 WC/20 200 429 160 | 24 | 198(8.2) o [10]
PLZT P5 WC/20 200 429 160 | 36 | 297(8.2) o [12]
PLZT PM400 WC/10 200 43 1500 | 10 77(7.7) A [13]
PMN P5 WC/20 200 429 160 | 40 | 329(8.2) o [14]
PMN PM400 WC/20 300 560 340 | 60 | 206(3.4) o [15]
PMN PM400 WC/20 200 250 230 | 94 | 97(1.0) o [16]
PMN-PT P5 WC/20 200 429 160 | 20 | 165(8.2) o [18]
PMN-PT | PM400 WC/20 300 560 340 | 64 | 219(3.4) o [19]
BT PM400 WC/10 200 43 1500 | 10 77(7.7) x [20]
NN PM400 YSZ/10 300 35 900 | 40 | 907(22.7) o [22]
NN PM400 YSZ/10 200 15 600 | 400 | 2592(6.5) ° [23]
NN P4 WC/15 300 370 360 | 96 | 1534(16.0) ° [23]
KN PM400 YSZ/10 300 35 900 | 40 | 907(22.7) x [22]
KN P4 WC/15 270 300 320 | 350 | 12096(34.6) A [24]
KNN PM400 YSZ/10 300 35 900 10 | 227(227) X [22]

Table 1. Kinetic parameters of the high-energy planetary ball milling process for the mechanochemical
synthesis of various perovskite oxides. *BNT: (Bi, Na)TiO;, KNN: (K, Na)NbO;, PT: PbTiO;, PZ: PbZrOs,
PZT: Pb(Zr, Ti)O,, PLZT: (Pb, La)(Zr, Ti)O,, PMN: Pb(Mg, Nb)O,, PMN-PT: Pb(Mg, Nb)O,-PbTiO,, BT:
BaTiO;, NN: NaNbO;, KN: KNbO;. *All mills including that used in this work were of the planetary ball-mill
type: P4 (Fritsch Pulverisette 4), P5 (Fritsch Pulverisette 5), and PM400 (Retsch PM400). “Ball-impact energy>%

2
3 _ 2 _
AE, = L pb—“d" W, Wy [L db] L — 2R, W [L db]
2 6 ‘/Vp 2 VVP VV;, 2
2 2
: [m (2o
W, 2
P 3)
dBall-impact frequency™
v= Nk (W, — W) @
¢Cumulative kinetic energy®*
Equm = AEyvt/m, (5)

Here, p, is the density of the balls, dy, is the diameter of the balls, W,, is the rotational angular speed of the
supporting disk, W, is the rotational angular speed of the vial, D, is the diameter of the vial, R, is the distance
between the rotational axes, Ny, is the number of balls, K is a constant, t is the milling time and m,, is the powder
weight. The constant K was 1.5 cited from ref. 46. For other studies, the values of E, calculated assuming 1 h of
milling are given in the parentheses for comparison with those of this work./The mechanochemical formation
of the perovskite product was assessed based on the reported XRD patterns: @ (phase-pure), O (dominant but
with contamination or an unreacted phase), A (partly formed), x (not formed).

Four different kinetic conditions, referred to as condition numbers 1, 2, 3 and 4, were adopted for the mech-
anochemical treatments. The related kinetic parameters are presented in Table 1. The key parameters of the
ball-impact energy AE, and the ball-impact frequency v, were controlled such that balls with a larger diameter
resulted in higher AE, and smaller v, values at a constant ball-to-powder weight ratio. According to the model
derived by Burgio et al.*?, AEy increases from 115 to 1209 mJ/hit when the ball diameter increases from 5 to 12
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mm. In contrast, the corresponding value of v, decreased greatly from 15725 to 1105s™! owing to the strong
dependence of this value on the number of balls (N,,) incorporated. This counterbalance yielded the cumulative
kinetic energy E,,,,, which is directly proportional to AE, and v,, between 962-1303 kJ/g for 1 h.

In Table 1, scattered kinetic data available from different studies are also presented for comparison. They
clearly indicate that our milling conditions were much more energetic, as characterized by the higher values of
AE,, v, and E_,,. Note the remarkably higher E_,, values calculated based on an identical milling time of 1 h in
comparison with those from other studies. For comparison, we also prepared powders using a conventional pow-
der process. The identical stoichiometric powder mixtures were homogenized in ethanol for 24 h using a roller
mill machine operating at 70 rpm and were dried at 120 °C for 24 h. Calcination was then carried out at 850 °C for
2h for the BNT-based powder mixtures and at 850 °C for 6 h for the KNN-based powder mixtures.

Sintering. To investigate the sintering characteristics, the powders prepared by both methods were mixed
with poly-vinyl alcohol (PVA) as a binder and axially compacted into disks 10 mm in diameter and 1 mm thick
under shaping pressures of ca. 62 MPa for the BNT-based and ca. 187 MPa for the KNN-based powders. After
burning off the PVA at 650 °C, traditional pressureless sintering was carried out in air. The sintering conditions
were identical for the powders prepared by the two synthetic methods, but the BNT- and KNN-based oxides were
sintered under different conditions, specifically, 1170 °C for 3h and 1100 °C for 10h, respectively, as established
in earlier studies of each oxide®>.

Characterization. The structural phases were characterized by an X-ray diffractometer (XRD; D/Max-2500;
Rigaku, Tokyo, Japan) using Cu Ko radiation at a power of 40kV and 15mA and at a scan speed of 1°/min.
A transmission electron microscope (TEM; JEM-2100F; JEOL, Tokyo, Japan) was also used. After milling, the
degree of contamination from the milling medium was examined using an inductively coupled plasma method
(ICP; Optima 8300DV; Perkin Elmer, Waltham, MA, USA). A thermogravimetric analysis (TGA; Setsys Ev 1750;
SETARAM, Caluire-et-Cuire, France) was conducted to examine the mechanochemical reaction of the milled
powders. Approximately 50 mg of the powder was placed in a Pt/Rh crucible and heated to 1000 °C at a rate of
10°C/min in a flowing air atmosphere. The morphology of the sintered samples was studied using a field-emission
scanning electron microscope (FE SEM; Sirion; FEI, Eindhoven, Netherlands) with an operating voltage of 20kV
equipped with an energy-dispersive X-ray spectrometer (EDXS). For piezoelectric measurements of the sintered
samples, both sides of the disks were polished and painted with a silver paste, after which they were fired at 650°C
for 10 min. The samples were then poled in silicone oil at room temperature. The poling field and poling time were
set to 60kV/cm and 10 min, respectively, after optimization through pre-tests of poling over time and in an elec-
tric field. The piezoelectric coeflicient (d;;) was measured using a piezo-d;; meter (Z]-6B; IACAS; Beijing, China).

Results and Discussion

Figure 1a shows XRD patterns of the stoichiometric Bi,05-Na,CO;-TiO, powder mixture mechanochemically
treated as a function of the milling time under condition number 2 (AE, =421 mJ/hit, v,=3825s!). With only
5-10min of milling, most of the crystalline reactant peaks vanished due to nano-crystallization or amorphiza-
tion and the characteristic diffraction peaks relevant to a perovskite structure began to appear. Meanwhile, an
intermediate reaction product identified as Bi,Ti,0,, was detected, likely resulting from a mechanochemical
reaction between Bi,O; and TiO,. This phase completely disappeared after 20 min. Surprisingly, a predominant
perovskite structure was stabilized within 20 min, after which only a pure perovskite structure was evident, with-
out any trace of a second phase. The diffraction peaks were indexed as BNT with monoclinic symmetry (JCPDS
01-080-4260, space group: Cc)*. After 90 min, the Bi phase was detected, indicating decomposition of the per-
ovskite BNT. The finely crystalline characteristic of the perovski te BNT phase was estimated from the broadening
of the XRD peaks; according to Scherrer’s formula, the crystallite size was ca. 17.0-18.5nm. Such a structural
characteristic is well supported by the TEM results shown in Fig. 1b.

Similar outcomes, such as reductions of the crystallite size, amorphization and the formation of Bi;Ti,0,, and
perovskite BNT, were noted for the powders prepared under condition numbers 1, 3 and 4 (Figure S2). For con-
dition number 1 (AE, = 115mJ/hit, v,=15725s"), however, a trace of the perovskite phase began to appear after
30min of milling. Moreover, considerable reactant peaks such as stable TiO, were observed up to 60 min, indicat-
ing an incomplete reaction during the milling process (Figure S2a). For condition numbers 3 and 4, no apprecia-
ble changes were visible compared to condition number 2, but the partly unreacted TiO, remained for prolonged
periods of time and the formation of the further promoted Bi phase via BNT became severe (Figure S2b and c).

Figure 2a shows XRD patterns of the stoichiometric K,CO;-Na,CO;-Nb,O5; powder mixtures mechanochem-
ically treated as a function of the milling time under condition number 2. The intensity of the Nb,O; peaks rapidly
decreased owing to the reduced crystallite size. The peaks belonging to the alkali metal carbonates of K,CO; and
Na,CO; disappeared after a very short period of milling (5-10 min), accompanied by a slight increase of the back-
ground near their reflections, which indicated amorphization. The oxide-assisted amorphization of carbonates
during milling is well known in A,CO;-Nb,O; (A =K or/and Na) systems, for which the reconstruction of CO§7
ions into a carbonato complex results in a loss of long-range periodicity of the carbonates*. After 30 min, the
Nb,O; peaks disappeared and the only phase detected was an orthorhombic KNN phase (JCPDS 01-071-0946,
space group: Amm?2) with a crystallite size of ca. 16.5-16.7 nm based on Scherrer’s formula. The formation of a
nano-crystalline perovskite structure was further confirmed by TEM (Fig. 2b).

In contrast, the reactant powders, when subject to condition number 1, showed continuous peak broadening
and a decreased intensity accompanied by a gradual increase in the background with an increase in the mill-
ing time. The perovskite phase began to appear after 60 min and then became dominant (Figure S3a). This was
notable because the reactant powders experienced much more vigorous collisions (v,=15725s"') as compared
to those in condition number 2 (v,=3825s71), clearly indicating that the rate of the mechanochemical reaction
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Figure 1. (a) XRD patterns of the mechanochemically treated stoichiometric Bi,0;-Na,CO;-TiO, powder
mixture as a function of the milling time under condition number 2 (AE, =421 mJ/hit, v,=3825s""). (b) TEM
bright-field image and selected-area diffraction pattern of the powders mechanochemically treated for 40 min.
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Figure 2. (a) XRD patterns of the mechanochemically treated stoichiometric K,CO;-Na,CO;-Nb,O; powder
mixtures as a function of the milling time under condition number 2 (AE, =421 mJ/hit, v,=3825s7"). (b) TEM
bright-field image and selected-area diffraction pattern of the powders mechanochemically treated for 40 min.

was decreased appreciably by the lower AE, (=115m]J/hit). For condition number 3, the perovskite KNN dom-
inated after 40 min, but with the presence of unreacted Nb,O; (Figure S3b), similar to the BNT case. Despite the
application of a higher value of AE; compared to that used in condition number 2, the observed unaccomplished
reaction may be accounted for by the effect of the reduced number of ball collisions due to the lower value of v,
(=1955s7"), which was close to half that of condition number 2. Such a sluggish reaction was more evident for
condition number 4 with a higher value of AEy (=1209 m]J/hit) and lower v, values (=1105s") (Figure S3c).
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Figure 3. XRD patterns of the stoichiometric powder mixtures before and after a mechanochemical
treatment for 40 min under condition number 2. (a) Bi,0;-Na,COj;-TiO,-Li,CO;-K,CO;. (b) K,CO;-
Na,CO;-Nb,05-Bi,05-Li,CO;-ZrO,-TiO,. The insets are SEM images of each powder mixture.

Additionally, we investigated the possibility of synthesizing more complex compositions, specifically,
0.76BNT-0.04BLT-0.2BKT and 0.955KNN-0.03BNKLZ-0.015BNT, under an identical milling condition (40 min
under condition number 2). Figure 3a and b show that the relatively well-defined XRD peaks precisely corre-
spond to a perovskite structure without any second phases in both compositions. The crystallite sizes of the
perovskite phase were ca. 16.4nm for the BNT-BLT-BKT and ca. 17.6 nm for the KNN-BNKLZ-BNT, similar
to those of the unmodified powders. These results confirmed that the rapid formation of nano-crystalline per-
ovskite oxides by a high-rate mechanochemical reaction was highly reproducible, even if many reactants were
involved. Promisingly, the minor influence of the number of starting reactants and the induced complexity of the
composition on the formation of the perovskite structure offer more freedom in the choice of compositions in a
multi-component oxide study.

Regarding contamination from the milling medium during milling, no trace of WC was visible in the XRD
patterns of any of the powders prepared in this work (condition numbers 1, 2, and 3). An additional ICP analysis
revealed that the amounts of tungsten (W) and cobalt (Co) as possible contaminants were at an acceptable level of
less than 100 ppm and 20 ppm, respectively. However, prolonged milling with an excessive value of AEj as in the
case of condition number 4 induced contamination from the milling medium (Figure S3c).

The observed drastic structural change, leading to the rapid formation of single-phase perovskite oxides, was
obviously a result of a high mechanochemical reaction rate among the reactants of a type not normally observed
in previous mechanochemical studies or under conventional milling conditions. Regardless of the number
and nature of the reactant powders, such a high-rate solid-solution reaction process was realized by enhanc-
ing the key kinetic parameters of AE, and v,. The underlying mechanisms could be understood on the basis of
defect-enhanced solid-state reaction processes in which the reactant particles undergo a significant size reduction
via the fracturing and generation of sub-grain structures, typically leading to a nano-crystalline or amorphous
structure and hence the enhanced degree of solid-state diffusivity and chemical reactivity.

The XRD results for the different milling conditions always indicated the presence of a nano-crystalline or
amorphous state, generally referred to as “mechanochemically activated” in other studies®. This state usually
appeared before the first appearance of the crystalline perovskite product. This trend was sensitive to the applied
AE,, determining the mechanochemical reaction pathway. No chemical reaction for the formation of the per-
ovskite product could commence below a certain minimum value of AEj, as shown by the syntheses of BNT and
KNN under condition numbers 5 and 6 using low-density YSZ balls (Figure S4a and b). Moreover, at these energy
levels, the perovskite product could be governed neither by v, nor by E,,;; the values of v, and E_, utilized for
condition number 5 showing no formation of the perovskite BNT and KNN were sufficiently high at v,=72250s7!
and E_,,, =2800Xk]J/g. It is therefore reasonable to assume that a critical ball-impact energy E,, above or below
which either a nano-crystalline/amorphous or a perovskite product is formed, exists for reactions (1) and (2), and
this critical energy is correlated with an intrinsic activation energy barrier possessed by each reaction. Although
the precise determination of E_ was challenging due to the limited data available from the present sets of experi-
ments, the minimum energy requirement (i.e., E,) to trigger the reactions was clearly material-dependent, that is,
higher for KNN (46.4-115m]J/hit) than for BNT (10.8-46.4 mJ/hit) based on the XRD results. We also note that
the observed energy levels were within a similar range of existing ball-impact energy levels applied in previous
mechanochemical studies of several oxide systems?>*>#142 On the other hand, once the applied AE, exceeds E,
and hence the balls collide with sufficiently high kinetic energy for the reaction to be successful, the mechano-
chemical reaction can then be promoted by enhancing v,. This situation was evidenced by comparing the case of
condition number 2 with those of condition numbers 3 and 4 with higher AE, and lower v, values, demonstrating
the presence of certain unreacted oxide reactants (e.g., TiO,, Nb,O;). By clarifying the individual roles of AE, and
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Figure 4. (a) Energy maps (AE, vs. E,,,,) for the mechanochemical formation of perovskite BNT (left) and
KNN (right). The presence of the perovskite phase was assessed from the XRD patterns with different milling
conditions: not formed (), perovskite with an unreacted phase (A), pure perovskite (@), perovskite with

a further reacted phase (©). (b) Plots for t vs. AE, showing the formation regions of perovskite BNT (left)

and KNN (right) (region I: no perovskite, region II: perovskite + reactants, region III: perovskite, region IV
perovskite +a further reacted phase). Here, the t, and t; are the milling times required for the initial appearance
and the complete formation of the perovskite product, respectively.

v, during the mechanochemical reaction, our findings also contradict earlier reports by Abdellaoui et al.*”*?, who
reported that the cumulative kinetic energy E,,,,, or shock power, defined as the product of AE, and v,, is the only
factor responsible for the formation of the end product.

In Fig. 4a, the energy map, i.e., AE, (equation 3) vs. E_,,, (equation 5), was constructed by assessing the pres-
ence of perovskite BNT and KNN phases based on the XRD patterns with different milling conditions. The result-
ing maps fully defined the energy regions required for both the initiation and, more importantly, completion of
the perovskite product of each oxide system: none of the studies showed such complete maps, only providing evi-
dence of the initiation of the perovskite product for several oxide systems owing to limited kinetic energy levels®.
From these maps, the milling times required for the initiation (;) and completion () of each perovskite product
were determined with different values of AE, (Fig. 4b). Both t; and t; varied significantly with AE,, revealing
different reaction thresholds and ends for each oxide system. The shortest ¢; (ca. 5min for BNT and ca. 20 min
for KNN) and ¢ (ca. 20 min for BNT and ca. 30 min for KNN) observed for condition number 2 suggested that
the reaction rate was the highest. However, the reaction rate decreased for conditions 1, 3 and 4 with increases
in t; and t; These results clearly suggest that the interplay between AE, and v, strongly affects the reaction rate,
demanding the proper conditions between them.

The milling-time-dependent TGA scans provided important information about the mechanochemical reac-
tion of the powder mixtures. Because the evolution of CO, gas with a loss of weight is always indicative of the
occurrence of chemical reactions (1) and (2), we were able to evaluate the degree of the completion of the reac-
tions from the amount of CO, gas released from the thermal decomposition of the carbonates remaining in the
milled powder. The TGA curves (Figs 5 and S5) show a decrease in the weight loss of both powder mixtures with a
longer milling time. This trend implies the occurrence of reactions (1) and (2) for the formation of the perovskite
BNT and KNN. The overall weight losses of the non-milled Bi,0;-Na,CO;-TiO, and K,CO;-Na,CO;-Nb,O;
mixtures amounted to ca. 5.09% and ca. 11.58%, respectively, slightly higher than those calculated when assum-
ing complete decomposition of the alkali metal carbonates, i.e., ca. 4.94% for Bi,O;-Na,CO;-TiO, and ca. 11.35%
for K,C0;-Na,CO;-Nb,O;. The small discrepancy between the theoretical and experimental values may have
originated from the evaporation of small amounts of H,O adsorbed by the hygroscopic reactants during the
preparation processes. Notably, their respective weight losses greatly decreased to ca. 2.07% and ca. 3.07% after
40 min of milling under condition number 2.
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Figure 5. Variation of the weight loss of the milled powders owing to the release of CO, as a function of
the milling time # under different milling conditions. (a) The stoichiometric Bi,05-Na,CO;-TiO, powder
mixture. (b) The stoichiometric K,CO;-Na,CO;-Nb,O; powder mixture. The symbols showing the formation
of the perovskite phase with the milling time in Fig. 4 were overlapped with each TGA curve. The arrows
indicate the activation periods necessary for the dominant formation of perovskite products under each
milling condition. The insets show the reaction yields taken from the perovskite periods (steady conditions) of
condition numbers 1, 2 and 3.

For both of the powder mixtures (Fig. 5a and b), there was a common trend in that the carbon content grad-
ually decreased at a certain milling time, after which there was a sudden decrease followed by no significant
change, suggesting that the reaction approached a steady state?’. The observed sudden change was clearly caused
by the intense formation of perovskite BNT and KNN products from the accelerated mechanochemical reaction.
Furthermore, the existence of a certain milling duration when this sudden drop occurred implied that the mech-
anochemical reaction began with an activation period, during which the size reduction and crystal deformation
processes continually took place to create chemically active sites, eventually facilitating the chemical reactions.
According to Fig. 5, the activation period of reaction (2) for the predominant formation of KNN under condition
number 2 was ca. 30 min, which was longer than that of reaction (1) for BNT (ca. 20 min); for condition num-
bers 1 and 3 with lower and higher values of AE,, respectively, the activation periods became longer. All of these
results were consistent with the XRD behavior (Figs 1a and 2a, S2a and S3a). Consequently, the cumulative kinetic
energy E_,,, necessary to overcome such activation periods, characterized by a nano-crystalline or an amorphous
state based on the XRD results, was calculated and found to be ca. 387k]J/g for the BNT and ca. 580k]/g for the
KNN for condition number 2. The degree of the completion of the reaction, i.e., the reaction yield, was deter-
mined from the perovskite periods (steady levels) for each condition (insets of Fig. 5). For condition number 2,
these values were ca. 63.3 & 11.7% for BNT and ca. 78.9 £ 2.7% for KNN. The lower reaction yield observed
for BNT, despite the fact that its formation was easier than that for KNN (Fig. 4), may have been related to the
formation of a further reacted Bi phase. Although the Bi phase was invisible within the perovskite periods in the
XRD patterns, we cannot exclude the possibility of the coexistence of a Bi phase with the perovskite BNT before
its crystallization. In contrast, the KNN showed a predominant formation of perovskite products. Nevertheless,
some carbonates, although undetectable by our XRD system due to their amorphous characteristics, likely did not
decompose. Considering the required milling time for different conditions, the reaction efficiency (i.e., the ratio
of the reaction yield to the milling time) was also highest for condition number 2.

Conclusively, we ascribe the present findings of a much shorter reaction time (ca. 30-40 min under condition
number 2) necessary to stabilize a single-phase perovskite structure to the highly energetic milling conditions
using the greater rotational speed of the disk (1000 rpm), which allows an enhanced reaction rate induced by
much more vigorous ball collisions at more than a certain minimum level of kinetic energy. Given equations 3-5,
the most critical milling parameter to increase both AE, and v, is known to be W,,. For condition number 2, equa-
tion 5 approaches this, as shown below.

—10 3
Equm=322x107 x W, x t (6)
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literature (Table 1) with those used in this work. The literature data were limited to those corresponding to the
dominant formation of perovskite oxides.
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Figure 7. Piezoelectric coefficient d;; of ceramics sintered using powders prepared both by
mechanochemical synthesis for 40 min (denoted by “M”) and conventional solid-state synthesis (denoted
by “C”)'

This relationship implies that E,,, is highly sensitive to W, with linear W,* dependence; see the fitted curves
of Ecy vs. W, in Fig. 6 when t=1, 2 and 3 h. In this figure, the literature data pertaining to E,, and ¢ required
for the dominant formation of various perovskite oxides are also presented and compared to those used in this
work. The prolonged period of milling between 20-400 h needed in many mechanochemical studies is attributed
to the lower level of W, (200-300 rpm). For instance, the milling time of 400 h required to reach an E_,, value of
2592Kk]/g at a disk speed of 200 rpm (used in ref. 23) can be dramatically reduced to less than 3h when adopting
condition number 2 as defined in this work.

Using mechanochemically derived powders, the sintering characteristics were investigated and compared
to those obtained from a conventional solid-state reaction process. All of the ceramics including the BNT,
BNT-BLT-BKT, KNN, and KNN-BNKLZ-BNT types, had pure perovskite structures without any second phases
(Figure S7). The absence of changes in the peak positions or intensities for the ceramics prepared by both meth-
ods indicated nearly identical structural characteristics (BN'T, monoclinic; BNT-BLT-BKT, pseudo-cubic*; KNN,
orthorhombic; KNN-BNKLZ-BNT, diphasic rhombohedral-tetragonal®®). According to SEM backscattered elec-
tron images (BEIs) of the ceramics prepared by mechanochemical synthesis, the homogeneously distributed main
elements confirmed nearly complete perovskite solid solutions, together with the formation of well-developed
perovskite grains with clear edges, similar to those prepared by conventional solid-state synthesis (Figure S8). The
values of the piezoelectric coefficient d;; obtained for the ceramics prepared by mechanochemical synthesis were
similar to or slightly higher than those for the ceramics prepared by the conventional powder process (Fig. 7).
Particularly, the modified BNT-BLT-BKT and KNN-BNKLZ-BNT ceramics prepared by mechanochemical syn-
thesis showed excellent d;; values of ca. 211+ 1.2 pC/N and ca. 267 £ 3.5 pC/N, respectively. These values are
comparable to the best properties reported for identical material systems prepared by the conventional solid-state
synthesis method (ca. 190 pC/N by Hiruma et al.* and ca. 147-231 pC/N by Lin et al.*® for BNT-BLT-BKT and
ca. 285 pC/N by Cheng et al.* for KNN-BNKLZ-BNT).

In summary, we have demonstrated that complex perovskite oxides can be expeditiously synthesized from
micron-sized reactant powders via a mechanochemical reaction using a highly energetic ball milling process.
Only a very short milling time of ca. 30-40 min was required to yield nano-crystalline, single-phase perovskite
BNT and KNN oxides reliably, even given their more complex compositions. This was enabled by the high mech-
anochemical reaction rate induced by enhancements of key kinetic parameters, in this case the ball-impact
energy (AE, =421 m]/hit) and frequency (v,=3825s!). From the mechanochemical reaction outcomes with
different values of AE, and v,, it was demonstrated that AEy should be higher than a critical kinetic energy E,
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(10.8-46.4 mJ/hit for BNT, 46.4-115 mJ/hit for KNN) to initiate the mechanochemical formation of the per-
ovskite product. Additionally, the mechanochemical reaction could be promoted by enhancing v,, but only if the
balls had sufficiently high kinetic energy for the reaction to occur. According to the TGA results, the formation
of perovskite BNT and KNN required an activation period, during which the solid-state chemical reactivity of
the reactant powders continued to increase, ultimately inducing the intense formation of the perovskite product.
Furthermore, the formation of BNT was easier than that of KNN in terms of both the energy requirement and the
activation period. The values of E,,, necessary to overcome the activation period for the formation of a dominant
perovskite structure were ca. 387k]J/g for BNT and ca. 580k]J/g for KNN. Finally, the mechanochemically derived
perovskite powders, when consolidated into bulk ceramics, showed encouraging piezoelectric properties that
were not inferior to those prepared by conventional solid-state synthesis. Benefitting from the ability to skip the
conventional high-temperature and time-consuming powder procedures, the high-rate mechanochemical route
used here is not limited to the presently investigated oxides. It can be readily extended to other technologically
important multi-component oxides, possibly irrespective of the choice of composition or the nature of the reac-
tant (e.g., chemical stability).

References
1. Sopicka-Lizer, M. High-energy ball milling (Woodhead publishing limited, 2010).
2. Rodel, J. et al. Perspective on the development of lead-free piezoceramics. J. Am. Ceram. Soc. 92, 1153-1177 (2009).
3. Baldz, P. et al. Hallmarks of mechanochemistry: from nanoparticles to technology. Chem. Soc. Rev. 42, 7571-7637 (2013).
4. Jeon, J. H. Mechanochemical synthesis and mechanochemical activation-assisted synthesis of alkaline niobate-based lead-free
piezoceramic powders. Curr. Opin. Chem. Eng. 3, 30-35 (2014).
. Zhang, Q. & Saito, E. A review on mechanochemical syntheses of functional materials. Adv. Powder Technol. 23, 523-531 (2012).
. Suryanarayana, C. Mechanical alloying and milling. Prog. Mater. Sci. 46, 1-184 (2001).
7. Kong, L. B., Zhu, W. & Tan, O. K. PbTiO; ceramics derived from high-energy ball milled nano-sized powders. J. Mater. Sci. Lett. 19,
1963-1966 (2000).
8. Kong, L. B., Ma, J., Zhu, W. & Tan, O. K. Preparation and characterization of lead zirconate ceramic from high-energy ball milled
powder. Mater. Lett. 49, 96-101 (2001).
9. Kong, L. B., Zhu, W. & Tan, O. K. Preparation and characterization of Pb(Zr 5,Ti, 45)O; ceramics from high-energy ball milling
powders. Mater. Lett. 42, 232-239 (2000).
10. Kong, L. B., Ma, ], Zhang, T. S., Zhu, W. & Tan, O. K. Pb(Zr,Ti,_,)O; ceramics via reactive sintering of partially reacted mixture
produced by a high-energy ball milling process. J. Mater. Res. 16, 1636-1643 (2001).
11. Xue, J., Wan, D,, Lee, S. E. & Wang, ]. Mechanochemical synthesis of lead zirconate titanate from mixed oxides. J. Am. Ceram. Soc.
82, 1687-1692 (1999).
12. Kong, L. B., Ma, J., Zhu, W. & Tan, O. K. Preparation and characterization of PLZT ceramics using high-energy ball milling. J. Alloys
Compd. 322,290-297 (2001).
13. Kong, L. B., Ma, J., Huang, H. & Zhang, R. F. Effect of excess PbO on microstructure and electrical properties of PLZT7/60/40
ceramics derived from a high-energy ball milling process. J. Alloys Compd. 345, 238-245 (2002).
14. Kong, L. B., Ma, J,, Zhu, W. & Tan, O. K. Preparation of PMN powders and ceramics via a high-energy ball milling process. J. Mater.
Sci. Lett. 20, 1241-1243 (2001).
15. Kuscer, D., Holc, J. & Kosec, M. Mechano-synthesis of lead-magnesium-niobate ceramics. J. Am. Ceram. Soc. 89, 3081-3088 (2006).
16. Kuscer, D., Sturm, E. T., Kovac, J. & Kosec, M. Characterization of the amorphous and the nanosized crystallites in high-energy-
milled lead-magnesium-niobate powder. J. Am. Ceram. Soc. 92, 1224-1229 (2009).
17. Junmin, X., Wang, J., Weibeng, N. & Dongmei, W. Activation-induced pyrochlore-to-perovskite conversion for lead magnesium
niobate precursor. J. Am. Ceram. Soc. 82, 2282-2284 (1999).
18. Kong, L. B., Ma, J., Zhu, W. & Tan, O. K. Preparation of PMN-PT ceramics via a high-energy ball milling process. J. Alloys Compd.
236, 242-246 (2002).
19. Kuscer, D., Holc, J. & Kosec, M. Formation of 0.65Pb(Mg,;Nb,,3)0;-0.35PbTiO; using a high-energy milling process. J. Am. Ceram.
Soc. 90, 29-35 (2007).
20. Kong, L. B. et al. Barium titanate derived from mechanochemically activated powders. J. Alloys Compd. 337, 226-230 (2002).
21. Ohara, S. et al. Rapid mechanochemical synthesis of fine barium titanate nanoparticles. Mater. Lett. 62, 2957-2959 (2008).
22. Rojac, T., Kosec, M., Mali¢, B. & Holc, J. Mechanochemical synthesis of NaNbO;, KNbO; and K, ;Na, sNbO;. Sci. Sinter. 37, 61-67
(2005).
23. Rojac, T., Kosec, M., Mali¢, B. & Holc, J. The mechanochemical synthesis of NaNbO; using different ball-impact energies. J. Am.
Ceram. Soc. 91, 1559-1565 (2008).
24. Rojac, T. et al. Mechanochemical reaction in the K,CO;-Nb,O; system. J. Eur. Ceram. Soc. 29, 2999-3006 (2009).
25. Liu, L. et al. Effect of mechanical activation on the structure and ferroelectric property of Na, sK,sNbO;. Mater. Res. Bull. 46,
1467-1472 (2011).
26. Silva, K. L. D. et al. Mechanosynthesized BiFeO; nanoparticles with highly reactive surface and enhanced magnetization. J. Phys.
Chem. C115,7209-7217 (2011).
27. Abdellaoui, M. & Gaffet, E. The physics of mechanical alloying in a planetary ball mill: mathematical treatment. Acta Metall. Mater.
43,1087-1098 (1995).
28. Yiingevis, H. & Ozel, E. Effect of the milling process on the properties of CoFe,0, pigment. Ceram. Int. 39, 5503-5511 (2013).
29. Rojac, T., Bencan, A. & Kosec, M. Mechanism and role of mechanochemical activation in the synthesis of (K, Na, Li)(Nb, Ta)O;
ceramics. J. Am. Ceram. Soc. 93, 1619-1625 (2010).
30. Singh, R., Patro, P. K., Kulkarni, A. R. & Harendranath, C. S. Synthesis of nano-crystalline sodium niobate ceramic using
mechanochemical activation. Ceram. Int. 40, 10641-10647 (2014).
31. Shrivastava, A., Sakthivel, S., Pitchumani, B. & Rathore, A. S. A statistical approach for estimation of significant variables in wet
attrition milling. Powder Technol. 211, 46-53 (2011).
32. Burgio, N. et al. Mechanical alloying of the Fe-Zr system. Correlation between input energy and end products. Il nuovo cimento 13D,
459-476 (1991).
33. Rojac, T., Kosec, M., Mali¢, B. & Holc, J. The application of a milling map in the mechanochemical synthesis of ceramic oxides. J. Eur.
Ceram. Soc. 26, 3711-3716 (2006).
34. Shrout, T. R. & Zhang, S. ]. Lead-free piezoelectric ceramics: Alternatives for PZT? J. Electroceram. 19, 111-124 (2007).
35. Hiruma, Y., Nagata, H. & Takenaka, T. Depolarization temperature and piezoelectric properties of (Bi,,Na,;,) TiO5-(Bi,,Li, ;) TiO5-
(Bi;,K,/,) TiO; lead-free piezoelectric ceramics. Ceram. Int. 35, 117-120 (2009).
36. Cheng, X. et al. Lead-free piezoelectric ceramics based on (0.97-x)(K, 4sNa, 5,)NbO;-0.03Bi, 5(Na, ;K ,Liy 1) ZrO;-x(Bi; sNa, 5) TiO;
ternary system. J. Appl. Phys. 114, 124107 (2013).
37. Park, . ]. et al. Synthesis of Fe based ODS alloys by a very high speed planetary milling process. J. Nucl. Mater. 428, 35-39 (2012).

(<]

SCIENTIFICREPORTS | 7:46241 | DOI: 10.1038/srep46241 10



www.nature.com/scientificreports/

38. Kong, L. B, Ma, J., Zhu, W. & Tan, O. K. Preparation of Bi,Ti;0,, ceramics via a high-energy ball milling process. Mater. Lett. 51,
108-114 (2001).

39. Gorfman, S. & Thomas, P. A. Evidence for a non-rhombohedral average structure in the lead-free piezoelectric material
Nay sBiy s TiO,. J. Appl. Cryst. 43, 1409-1414 (2010).

40. Rojac, T. et al. The formation of a carbonato complex during the mechanochemical treatment of a Na,CO,-Nb,Os mixture. Solid
State Ionics 177, 2987-2995 (2006).

41. Berbenni, V., Marini, A. & Bruni, G. Effect of mechanical activation on preparation of SrTiO; and Sr,TiO, ceramics from the solid
state system SrCO;-TiO,. J. Alloys Compd. 329, 230-238 (2001).

42. Berbenni, V., Marini, A. & Bruni, G. Effect of mechanical milling on solid state formation of BaTiO; from BaCO;-TiO, (rutile)
mixtures. Thermochim. Acta 374, 151-158 (2001).

43. Abdellaoui, M. & Gaffet, E. A mathematical and experimental dynamical phase diagram for ball-milled Ni,(Zr;. . Alloys Compd.
209, 351-361 (1994).

44. Han, H. S. et al. Coexistence of ergodicity and nonergodicity in LaFeO;-modified Bi, ,(Nay 74Ky 5,),/, TiO; relaxors. J. Phys. Condens.
Matter 24, 365901 (2012).

45. Lin, D., Zheng, Q., Xu, C. & Kwok, K. W. Structure, electrical properties and temperature characteristics of Biy;Na,;TiO5-
Biy 5K, 5Ti0;-Big sLio s TiO; lead-free piezoelectric ceramics. Appl. Phys. A 93, 549-558 (2008).

46. Magini, M., Iasonna, A. & Padella, E Ball milling: an experimental support to the energy transfer evaluated by the collision model.
Scripta Mater. 34, 13-19 (1996).

Acknowledgements

This research was financially supported by the Korean Nuclear R&D Program organized by the National Research
Foundation (NRF) in support of the Ministry of Science, ICT & Future Planning and partially supported by the
Korea Atomic Energy Research Institute (KAERI) R&D Program.

Author Contributions

G.L. contributed to the mechanochemical reaction discussion and wrote the manuscript. J.P. and M.L. conceived
the main idea and supervised the manuscript preparation. E.P. performed the ball milling experiments and
structural analysis. S.Y. and S.B. performed the bulk ceramic preparations and piezoelectric measurements. The
manuscript was written through contributions of all authors.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing Interests: The authors declare no competing financial interests.

How to cite this article: Lee, G.-J. et al. Rapid and direct synthesis of complex perovskite oxides through a
highly energetic planetary milling. Sci. Rep. 7, 46241; doi: 10.1038/srep46241 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
MM o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS | 7:46241 | DOI: 10.1038/srep46241 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Rapid and direct synthesis of complex perovskite oxides through a highly energetic planetary milling

	Methods

	Materials. 
	Highly energetic planetary milling and mechanochemical synthesis. 
	Sintering. 
	Characterization. 

	Results and Discussion

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ (a) XRD patterns of the mechanochemically treated stoichiometric Bi2O3-Na2CO3-TiO2 powder mixture as a function of the milling time under condition number 2 (Δ​Eb =​ 421 mJ/hit, vt =​ 3825 s−1).
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a) XRD patterns of the mechanochemically treated stoichiometric K2CO3-Na2CO3-Nb2O5 powder mixtures as a function of the milling time under condition number 2 (Δ​Eb =​ 421 mJ/hit, vt =​ 3825 s−1).
	﻿Figure 3﻿﻿.﻿﻿ ﻿ XRD patterns of the stoichiometric powder mixtures before and after a mechanochemical treatment for 40 min under condition number 2.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (a) Energy maps (Δ​Eb vs.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Variation of the weight loss of the milled powders owing to the release of CO2 as a function of the milling time t under different milling conditions.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Comparison of the cumulative kinetic energy Ecum and the milling time t taken from the literature (Table 1) with those used in this work.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Piezoelectric coefficient d33 of ceramics sintered using powders prepared both by mechanochemical synthesis for 40 min (denoted by “M”) and conventional solid-state synthesis (denoted by “C”).
	﻿Table 1﻿﻿. ﻿  Kinetic parameters of the high-energy planetary ball milling process for the mechanochemical synthesis of various perovskite oxides.



 
    
       
          application/pdf
          
             
                Rapid and direct synthesis of complex perovskite oxides through a highly energetic planetary milling
            
         
          
             
                srep ,  (2017). doi:10.1038/srep46241
            
         
          
             
                Gyoung-Ja Lee
                Eun-Kwang Park
                Sun-A Yang
                Jin-Ju Park
                Sang-Don Bu
                Min-Ku Lee
            
         
          doi:10.1038/srep46241
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep46241
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep46241
            
         
      
       
          
          
          
             
                doi:10.1038/srep46241
            
         
          
             
                srep ,  (2017). doi:10.1038/srep46241
            
         
          
          
      
       
       
          True
      
   




