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Cubic SrTiQ particles are obtained by precipitation from an aqueous gel suspension. The gel suspension
is prepared by hydrolyzing a TiOg£solution with NaOH and adding SrIThe addition of citric acid
leads to spherical particles. The particle size can be tailored in the rang480 nm by varying the
temperature and the concentration. A careful control of the synthesis conditions is essential for producing
particles with a narrow size distribution. The results of HRTEM and ED investigations provide strong

evidence that the oriented aggregation of smalf4m) nanocrystals is the dominant growth mechanism

for the formation of the observed SrTj@articles. The primary nanocrystals self-assemble in a highly
oriented fashion, producing defective single-crystal particles. The above results show that the directional
aggregation process can be controlled by changing the temperature and concentration of the suspension
as well as by adding organic molecules, obtaining SgTp@rticles with a controlled size and shape.

1. Introduction and size of the systefhTherefore, the ability to tune in a
Strontium titanate, SrTi§is considered to be a promising "€Producible way the size and shape of SeTarticles is
material for tunable microwave applications because of its critical for fundamental studies as well as for the preparation

high dielectric constante(), high dependence af on the of ceramics and composite materials with tailored properties.
applied field, and low lossés.SrTiOs; is an incipient [N addition to the standard solid-state route, several chemical

ferroelectric (or quantum paraelectfié) which a ferroelec- ~ Methods have been reported for the synthesis of submi-

tric phase can be induced at low temperature by isotopic fometer and nanosized Srh(particles: molten salt
substitution or substitutional impurities as well as by an Synthesis; microemulsion-mediated synthesigechini and

external stres&® Recently, SrTi@ has been the object of ~ elated method¥; thermal decomposition of suitable precur-
widespread interest for the fabrication of solid oxide SOrs:* decomposition of bimetallic alkoxide precursors in
electronic device&.Strontium titanate has been also inves- 0rganic solvents; dissolution of metallic strontium in benzyl
tigated as a photocatalystnd as material for dye-sensitized ~alcohol and reaction with titanium isopropoxitfehydro-
solar cells®

The dielectric properties and the polarization of ferroelec-
tric and related materials are very sensitive to the morphology
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thermal and related methotfsand precipitation from a
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generated by the oriented aggregation of building nanoblocks

precursor solution or gel suspension in a strong alkaline are provided by Cifen and Antonietti in their recent

environment’ Thermodynamic modeling of the FiSr—

review3® The oriented aggregation of nanoparticles over-

H,O—CO, systeni® has been used to assess the conditions comes the classic concept of crystal growth, which is

corresponding to the formation of SrTiGrom aqueous
solutions. In the absence of G@nd at pH> 8, SrTiG; is
the stable phase at 2800°C over a wide range of strontium
concentrations. Contact with atmospheric £i@as to be
avoided because of the formation of Sr2O

As pointed out in previous work about the synthesis of

BaTi0s,1%20 precipitation from a titanium hydroxide gel

typically thought to occur via atom-by-atom or monomer-
by-monomer addition to an existing nucledsOriented
attachment also provides a convincing explanation for the
presence of dislocations and other nanoscale features in small
crystals, as discussed by Penn and Banfieithough the
interactions and the mechanisms controlling the self-assembly
process are largely unknown, the driving force for aggrega-

suspension is very effective for producing particles with tion is related to the replacement of sefitjuid interfaces
controlled sizes. In general, the size distribution of the DY solid—solid interfaces of lower energy and to the entropy
particles that grow from solution depends on the relative ratesincrease resulting from the removal of water and/or adsorbed

of nuclei formation and crystal growf.Nucleation and

molecules. In the case of perfectly oriented attachment, the

growth rates are determined by the supersaturation of the€Nergy gain is at a maximum because no internal surfaces
solution. In turn, supersaturation is very sensitive to tem- are generated. Even when the attachment is imperfect and

perature, Concentration, and mixing Conditions_ Crysta' defeCtS SUCh as diS|Ocati0nS, tWinS, StaCking fau|tS, and VOidS
aggregation can also contribute substantially to the overall @re created, the overall energy is significantly lower than

particle-growth procesd.Growth by the aggregation of small

colloidal primary particles produces assemblies called sec-

that of an aggregate of randomly oriented nanocrystals.
Despite the large practical interest for the production of

ondary particles. In some cases, the primary nanocrystalstailored particles, a systematic investigation on the growth
attach in a highly oriented fashion to produce single-crystal mechanism and morphology of SrTi@articles has not yet
architectures. This process is termed epitaxial self-assemblybeen carried out. In this work, a detailed study on the
as well as oriented aggregation or oriented attachment. Thesynthesis of well-defined SrTiparticles by precipitation
oriented aggregation of primary nanocrystals in bigger is presented. The synthesis process can be represented by
particles with a well-defined morphology that sometimes the overall reaction

mirrors that of single crystals has been reported for several

compounds, including alkaline-earth carbon&tefuoro-
apatite?® BaSQ, and BaCrQ,?* C0;04,2> CuO?® copper and
nickel oxalateg! Fe03,22 iron and cobalt oxyhydroxides,
LaF;,%° PbSe and CdT# Sn0,%? TiO.* ZnO2* and

tungstates$® Several examples of possible architectures

SrCl(aqg)+ TiOCl,(aqg) + 4NaOH(aq)—
SrTiO4(s) + 4NaCl(aqg)+ 2H,0(l) (1)

where (aq) denotes a salt in aqueous solution. Synthesis was
carried out at three different temperatures and several
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Figure 1. Formation kinetics of SrTi@in a batch reactor. The overall
titanium concentration is 0.045 mol drh [Sr]:[Ti] = 1.1.

concentrations using batch and tubular reactors. The pre-
liminary kinetic study on the formation of SrTin a small
batch reactor has indicated that the mixing of reactant
solutions, the temperature of the suspension, and the heating
rate play key roles in determining the particle size distribu-

designed in order to have good control over these parameters.j§

2. Experimental Section

2.1. Preparation of the Precursor Gel SuspensiorAn acidic
TiOCl, mother solution (2.8 mol kgf) was prepared by the drop-
by-drop addition of TiCJ (Acros, 99.9%) to water cooled in an ice
bath. The required amount of the TiQGblution was diluted with
water and then mixed with a NaOH (Aldrich, 99.9%) solution inside
a stirred, closed vessel made of polypropylene. The formation of a
highly viscous, gelatinous suspension of Ti hydroxide is im-
mediately observed. An excess of NaOH compared to the stoichio-
metric amount required by reaction 1 was used. The excess LiEiULE " EMT=2000kv  Detoctor = SE1
corrgs.por)ds to [QH = 1 mol dnT® after the quantitative Figure 2. Morphology of SrTiQ particles precipitated in a batch reactor
precipitation of SrTiQand guarantees a nearly constant pH (about 4950 with a titanium concentration of 0.2 mol dfand [Sr]:[Ti] = 1.1
14) during the course of the reaction. The suspension is cooled inin two different conditions. (a) Powder obtained by mixing a solution of
an ice bath to~0 °C, and solid SrGt6H,0O (Aldrich, 99.9%) is TiOCl, and SrC} with a NaOH solution. (b) Powder obtained from the gel
slowly added while the solution is stirred. Mixing and homogeniza- Suspension. Bar: 200 nm.
tion of the suspension are carried out by means of a turbine mixer )

(Ultraturrax). The resulting precursor suspension is kept 380  collected, cooled at 8C, and sealed in small bottles. The progress
This two-step process avoids the premature formation of Tio Of reaction 1 (i.e., yield of SrTig) was determined using the

nuclei induced by the temperature increase consequent to hydrolysig"ethodology described in a previous paffefor this purpose, the
of TIOCl,. The [Sr]:[Ti] molar ratio in the suspension was 1.1. collected suspensions were centrifuged, and the strontium concen-
The titanium concentration in the precursor (i.e., the concentration fration in the supernatant was determined by inductively coupled

referred to in the total volume of the gel suspension) is denoted by plasma spectroscopy using a specific calibration curve.

C. 2.3. Synthesis of SrTiQ in a Tubular Reactor. The tubular
2.2. Preliminary Synthesis of SrTiQ; in a Batch Reactor. reactor consisted of a PTFE tube with an inner diameter of 0.1 cm
Preliminary kinetic experiments on the formation of SrTi@ere and length of 20 m immersed in a thermostatic bath. The precursor

carried out at~45 °C in a stirred batch reactor (500 mL) made of solution, kept at O°C, was injected in the tube by means of a
polypropylene. Some preliminary syntheses were also performed peristaltic pump. The residence time was adjusted between 3 and
at higher temperatures. The gel suspension was introduced into the22 min by changing the flow rate. In most cases, the residence
reactor, and the vessel was then closed, heated, and kept at constafif"€ was 11 min. The precipitation experiments were conducted at
temperature under stirring. The titanium concentration was 55, 75, and 95C using four different titanium concentrations,
0.045 mol dn3. The closed environment limits the formation of ~0.0225, 0.045, 0.09, and 0.2 mol dfnin the latter case, synthesis
SrCO,. The temperature inside the reactor was measured by meandvas performed only at 95C. At the end of the tube, the suspension
of a Pt100 sensor. The formation of SrEi®as visually indicated ~ Was collected in a bottle cooled in an ice bath.

by the gradual transformation from a translucent viscous medium  2.4. Powder Characterization. The final suspension was

to a white and opaque suspension. The head of the reactor wasentrifuged, and the powder was washed and, finally, freeze-dried.
equipped with 12 plastic (PEEK) tubes and valves. Each tube was The phase-composition was investigated by X-ray powder diffrac-
connected to a syringe on one side and immersed in the suspensiotion (Philips PW1710) usingCo & radiation. The crystallite size

on the other side. At given times (time zero corresponds to the (dxgrp) was estimated from the broadening of the XRD peaks by
instant the eating was switched on), 20 mL of the suspension wasmeans of the Scherrer equation, after correction for instrumental
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Figure 3. Morphology of SrTiQ particles precipitated in a tubular reactor. (a)°85 ¢ = 0.09; (b) 75°C, ¢ = 0.09; (c) 95°C, ¢ = 0.09; (d) 55°C,c =
0.045; (e) 75°C, c = 0.045. (f) 95°C, c = 0.045; (g) 55°C, ¢ = 0.0225; (h) 75°C, ¢ = 0.0225; (i) 95°C, ¢ = 0.0225. The titanium concentratians in
mol dn3, Bar = 200 nm.

broadening with a silicon standard, assuming negligible microstrain intervals. In addition, the formation of SrTi(particles is
broadening. strongly affected by the mixing conditions. For instance, if
The particle size distribution (PSD) was obtained from the a solution containing both Sr&nd TiOC} is directly mixed
measurement of the diameter of1000 particles by scanning  at room temperature with a NaOH solution and then heated
electron microscopy (SEM, LEO 1450VP). Three paramethts,  at a reaction temperature of &, the PSD of the final
dso, and dgo, Were obtained from the PSD. In generd, is the powder is extremely broad relative to that of the product
dian_weter_corrgspond_ing 10% of the particlc_es in.the cumula_tive obtained from the gel precursor subjected to the same
particle size (_jlstrlbutlon. The average particle size was d_efln_ed aSireatment (Figure 2). The reaction between the chloride
the median diametedo) of the PSD. The span of the distribution o), inn and NaOH is quite exothermic and determines a
is given by € — di0)/dso. The internal structure of the particles . .
; : ) - ) temperature increase that causes premature nucleation of
was studied by hlgh-resolgtlon t_ransmlssmn_ electron microscopy SITiO. duri . E he sh f th icles i
(HRTEM) and electron diffraction (ED) with a JEOL J2010 rTiO; during m|X|.ng' ven t__e S ap-e of the partl? €S 1S
microscope operated at 200 kV. affected by the mixing conditions, with the formation of
cubes when starting from the gel precursor and spheres
originated by direct mixing. Therefore, to produce well-
defined particles of strontium titanate with a narrow particle
The formation kinetics of SrTi@measured in the batch  size distribution, careful control of the experimental condi-
reactor at 43C andc = 0.045 mol dm? is shown in Figure tions is of fundamental importance. This can be accomplished
1 together with the corresponding temperature profile. The by heating the precursor gel suspension to the reaction
sigmoidal shape of the kinetic curve indicates that the temperature in a very short time by means of a tubular
reaction is, at least at the early stages, dominated by areactor. Using a tube with an inner diameter of 0.1 cm, the
nucleation and growth process. The formation of SETiO suspension can be heated to TS within a few seconds.
already starts at around 3%, i.e., before the reactor has Precipitation in tubular reactors can be strongly influenced
attained the final temperature (see Figure 1). This observationby the inner tube surface. Heterogeneous nucleation of
has a couple of important consequences. First, the reactioncrystals can occur on the tube wall, resulting in incrustation
kinetics is very sensitive to the heating rate; we have of the inner surface. In turn, these crystals can induce the
observed that even small variations cause significant changegormation of secondary nuclei and, consequently, variations
in the yield vs time curve. This can explain, at least in part, of the precipitation mechanisms and particle size with time.
the poor reproducibility of the reaction kinetics determined In the present case, experiments carried out using different
from the batch reactor. Second, the particle size distribution combinations of flow rates and tube lengths corresponding
(PSD) of the final product (100% vyield) is rather broad (span to the same residence time did not show significant changes
~ 0.8) because the processes (such as nucleation andh the particle morphology. In general, the reproducibility
aggregation, as will be discussed later) determining the final of the precipitation experiment with the same tube at different
particle size take place over significant temperature and timetimes is good, provided that the tube is properly cleaned and

3. Results and Discussion
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Figure 4. Particle size distribution of SrTiDparticles synthesized at
different temperatures using a titanium concentration of 0.045 moPFdm
and [Sr]:[Ti] = 1.1.

washed after synthesis. Therefore, the inner tube surface_
seems to have only a minor influence on the precipitation | b
process, at least in the range of experimental conditions| ‘
investigated in the present study. e
Powders synthesized in the tubular reactor have a particle
size between 80c(= 0.2 mol dn13, 95°C) and 1400 nmq
= 0.0225 mol dm?, 55°C) and a span of 0:40.5 (Figure
3). The advantage of using the tubular reactor can be’
appreciated by comparing Figure 3 with Figure 2. At’&5 5/4; [
whenc = 0.0225 and 0.045 mol dr, complete conversion /
of the gel precursor in SrTigxould not be obtained within 7
the longest residence time (22 min) attainable in the tubular &
reactor. Therefore, the suspension collected at the end of the
tube was further aged in a small batch reactor kept at the
same temperature of the tubular reactor until full transforma-
tion. The morphology of the particles is in any case cubic,
although the particles obtained at high concentrations of 0.09
and 0.2 mol dm? have a tendency to develop rounded edges.
The variation of the average particle size with concentration

. . . Figure 5. Morphology (HRTEM) of a SrTi@ particle (95°C, c = 0.0225
and temperature is well evident from Figure 3. Some mol dnr3). (a) The particle as seen from a vertex of the cube, as depicted

examples of particle size distributions are given in Figure 4. in the sketch. The inset shows the ED pattern of the whole particle. (b)

At 55 °C, there is a factor of 10 decrease in particle size Magnlflcatlon_of one of the edges. Dislocations a_nd slight rr_usa}llgnments
across some interfaces are apparent when the micrograph is viewed along

(from 1390 to 142 nm) when the concentration is increased. 5 jow angle.

At higher temperatures, a strong effect is observed when the, . ) .
concentration is increased from 0.0225 to 0.045 motym N Information). The secondary phase mainly originates
with a further increase in the concentration, the variation of Tom the carbonate impurities contained in the raw materials

particle size is less pronounced. Therefore, at high concentrr:x-(sr_c|2°6H20 and NaOH). For the finest powdeF & 95°C,

tion, the temperature has only a minor effect on the particle ¢ = 0-2 mol dn1?), the particle size measured by SEM
size. It is worth noting that, despite the similarities between corresponds well to the XRD size (see the Supporting
the two systems, the formation kinetics of SrT@nd BaTiQ Informatlpn). H_RTEM observation shows smgle-crys_tal
as well as the particle morphology are rather different, even Nanoparticles with very smooth surfaces. Powders obtained
when the synthesis is carried out using the same methodol-8t 10w concentrations display a completely different micro-
0gy19-20.38 The formation of BaTi@ is observed only at structure. Despite the fact that the apparent morphology
temperatures above AT and quantitative transformation  (Figure 3)is that of single crystals, itis apparent from Figure
occurs at 80C in a reasonable time for concentrations above 2 that the particles consist of aggregates of small rounded
0.05 mol dm®. On the contrary, the quantitative formation hanocrystals 45 nm in diameter. As revealed by the
of SITiO, is observed after 10 min at 4®0 °C for ¢ = parallelism of the lattice fringes, all the nanocrystals are

0.045 mol dr3. The morphology of BaTi@corresponds aligned along the same crystallographic direction and,
to spheroidal particles with a tendency to form dendritic therefore, the ED pattern of the particle corresponds to that
structures at low concentration. of a single crystal. A lower contrast between the crystallites

According to the XRD patterns, the powders consist of indicates that nanopores and/or an amorphous phase separate

cubic SrTiQ with traces {-1%) of SICQ (see the Support- ~ Many primary particles (Figure 5b). Slight misorientations
between the primary nanopatrticles and dislocations are also

(38) Testino, A.; Buscaglia, V. Buscaglia, M. T.: Viviani, M. Nanni, P. observed. These nanometer-length scale features, as well as
Chem. Mater2005 17, 5346. the dimples and creases observed at the surface, strongly
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Figure 6. Influence of sodium citrate (SC) on the morphology of SrFiO
particles precipitated in a batch reactor af80with a titanium concentration
(c) of 0.0125 mol dm3. [Sr]:c = 1.1. (a) [SC]c = 0; (b) [SC]c = 0.011;
(c) [SC]c = 0.084; (d) [SC]c = 0.79. Bar: 200 nm.

d50 =265 nm
span = 0.65

suggest that the particles of Figure 3 originated from the
epitaxial self-assembly (also called oriented attachment or
oriented aggregation) of small primary nanocrystals. Disloca-
tions and small misalignments across some interfaces are
the consequence of imperfect oriented attachment of the
primary building units$’ According to the substructure
revealed by TEM, the XRD patterns of the powders show
broadened peaks (see the Supporting Information). The size
of the coherently diffracting domains, calculated from the
Scherrer equation, is on the order of some tens of nm.
The influence of sodium citrate (SC, Aldrich, 99.9%) on
the morphology of SrTi@particles has been investigated in
the batch reactor at 8, ¢ = 00125 mol dm?, for different
[SC]:c molar ratios. The aging time was 24 h. Sodium citrate
was added to the TiOglsolution before hydrolysis with
NaOH. For [SC]c = 0.01, the particle morphology is still
cubic with a moderate increase in the average particle size
(from 290 to 360 nm) and a significantly narrower PSD (span
= 0.7). When [SCE = 0.08 and 0.8, the particles become
spherical and the size is increased up to 420 nm, as shown
in Figure 6. The increase in SC concentration gives rise to
a broader PSD. The influence of the cation concentration
on the morphology of the SrTiparticles obtained in the
presence of sodium citrate was studied for [8G}: 1 and
c = 0.0125, 0.1, and 0.33 mol drh With increasing R —
concentration, the particle size decreases from 440 to 180 |- E—_—— — ]
nm, whereas the morphology remains spherical, as shownFigure 7. Influence of titanium concentratiort)(on the morphology of
in Figure 7. Observation by HRTEM shows (Figure 8), like S;g:%]pgg::t':s( Spgf'[ps'gzezd f;t gﬁx‘:":ﬁ fifc(';)rceazcgfrsg r‘}:‘; z:ﬁg;e?ée of
the particles obtained without the addition of SC, that the ¢ =g 1 mol dm3; (¢) ¢ = 0.0125 mol dm?. Bar: 200 nm.
particles consist of epitaxial aggregates of small nanocrystals
4—5 nm in diameter. The single-crystal ED pattern and the particles. The dimension of the coherently diffracting
alignment of the lattice fringes indicate that the nanocrystals domains is~20 nm, if exclusive size broadening is assumed
share a single and common crystallographic orientation. (Scherrer formula). Overall, the particles obtained in the
Lower contrast between crystallites indicates the presencepresence of SC appear to be more disordered and defective
of pores, amorphous material and/or adsorbed sodium citratehan the cubic mesocrystals produced in the absence of
layers. Several dislocations and inner interfaces originating additives.
from small misalignments of the lattice fringes are apparent The process of SrTiQparticle construction is likely to
in Figure 8. According to XRD patterns, the powders consist occur in two main stages. At first, nucleation and limited
of cubic SrTiQ with traces of SrC@ The XRD peaks appear  growth occur from the supersaturated gel suspension to give
significantly broadened (see the Supporting Information), in 4—5 nm nanocrystals. These primary nanocrystals then
agreement with the nanocrystalline substructure of the aggregate in a highly oriented fashion to produce secondary
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particles ranges between“l@nd 10. As an example, the
a particles shown in Figures 5 and 8 consist of about 10
nanocrystals. These are remarkable numbers, because in
many of the cases reported in the literature, secondary
particles generated by oriented attachment comprise few units
to few hundreds of building blocks.

The above results represent a clear example of the
possibility for controlling the self-assembly process by
changing the concentration and temperature of the solution.
The natural tendency of the SrTjhanocrystals to self-
organize in the investigated experimental conditions could
be further exploited by using templates and/or suitable
organic molecules or polymers that adsorb at the sdiéglid
interface. We have recently shown that SrJi@nocrystals
spontaneously assemble at the surface of BaSjiherical
templates with the formation of coreshell structureg?
Therefore, the design and realization of a range of 1D, 2D,
and 3D solid shapes and architectures is not an unrealistic
goal.

4. Summary and Conclusions

Well-defined SrTiQ particles with a narrow size distribu-
tion were synthesized by precipitation from an aqueous gel
suspension prepared by hydrolyzing a Ti@&dlution with
NaOH and adding Sr@l The experimental results reported
in this study provide strong evidence that orientated ag-
gregation (also called oriented attachment) of smatt§4
nm) nanocrystals is the dominant growth mechanism for the
formation of defective single-crystal cubic SrEiQarticles
(mesocrystals) in a wide range of temperatures-@5°C)
and concentrations (0.6D.1 mol dn13). The size of the
particles can be tailored in the range-83100 nm by varying

5 nm AR < ; o
[r— R the synthesis conditions. The observed broadened XRD peaks
clearly indicate that the size of the coherently diffracting
Figure 8. Morphology (HRTEM) of a SrTiQ@ particle (80°C, ¢ = 0.33 domains is much smaller that the apparent size of the

mol dm-3) synthesized in the presence of sodium citrate ([§€]1). The particles. The primary nanocrystals can be revealed, at least

inset of part (a) shows the ED pattern of the whole particle. A magnification ; ; i ; ;
of the surface region is shown in part (b). Dislocations and slight in part, in HRTEM images of the final pamCIeS by the

misalignments across some interfaces are apparent when the micrograph iPresence of defects and. pe_CU“ar_ nanometer-le_ngth_ scale
viewed along a low angle. features, such as small misorientations or the lattice fringes,

dislocations, pores, and/or amorphous material, dimples, and
creases at the surface of the secondary particles. The addition
of citric acid produces spherical particles that still result from
the oriented aggregation of primary nanocrystals.

Oriented aggregation represents a fascinating and powerful
ol to design and realize materials with the desired shape,

4.36 : - ; anisotropy and properties. It is expected that the self-
systems;**the growth of the SrTiecubic particles by the assembly process could be directed to the production of a

oriented aggregation of small nanocrystals as observed mrange of shapes and architeciures by the use of organic

the present study is a spontaneous process not induced or ; -
X . molecules or polymers that selectively adsorb on specific
mediated by adsorbed organic molecules or polymers.

: . solid surfaces and/or by employing suitable templates.
Because the diameter-{% nm) of the primary nanocrystals : c2 e
: d .. Because SrTi@becomes ferroelectric with small additions
seems to be rather independent of the experimental conditions

. . ; . .. of Ba or Ca, the self-assembly process would lead to a new
(concentration, temperature, addition of sodium citrate), it o
. ) . . . strategy for the realization of more- or less-complex 1D, 2D,
can be concluded that the size of the final particles is mainly

determined by the assembly process. Higher temperature{.md 3D ferroelectric structures with new or different proper-
. . . ies.
and higher concentrations lead to particles composed of a . . . . .
smaller number of primary units. Considering the explored ~Supporting Information Available: X-ray diffraction patterns
size interval (Figure 3), the number of primary units per (Co Ko radiation) corresponding to SrTi(powders prepared in
different conditions (Figures SiS4) (pdf). This material is
(39) Buscaglia, M. T Viviani, M.: Zhao, Z.: Buscaglia, V.. NanniGhem. available free of charge via the Internet at http://pubs.acs.org.
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particles on the submicrometer length scale. As the formation
kinetics of SrTiQ is rather slow (Figure 1), the two processes

probably occur simultaneously and the secondary particles
grow by the progressive addition of freshly formed building to
blocks. Different from previous investigations on different




