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Sn0O,-based varistors have been considered promising technological devices. However their practical application
is usually stated as limited to high voltage circuits based on the high breakdown electric field exhibited by these
ceramics. Recently, authors have shown that the insertion of one-dimensional (1D) SnO, belts allows over-
coming this limitation. In this work, we present a detailed study of the growth mechanism of the belts inside
varistors using electron microscopy techniques. We were able to show that mass transport has an intrinsic
dependence on the sintering time and requires similar crystalline structure between the belts and the matrix.

Dual beam and high-resolution transmission electron microscopy techniques permitted determining that 3D
growth of belts occurs by coalescence.

1. Introduction

It is well established that there is a close relationship between mi-
crostructure and electrical properties in polycrystalline electroceramics,
especially in varistors [1-6] - a special class of ceramics presenting a
nonlinear relationship between the applied potential and the resulting
current [7]. When dealing with varistors, the grain size distribution has
a major role determining the breakdown electric field (E), i.e., the
point at which a small change in the applied voltage generates a large
variation in the current passing through the device. On the other hand,
changing the average grain size of varistors can alter other parameters
of the device [8].

Recently, the authors introduced an elegant way to decrease the
breakdown electric field in SnO,-based varistors, still maintaining good
nonlinear coefficient values [9]. For this, it was necessary to add 1% by
weight of tin dioxide belts in the composition, allowing the three-di-
mensional growth of the belts during sintering, which reduces the
number of potential barriers between the electrodes. However, the
growth mechanism of the belts was not completely elucidated until this
work.

During the sintering of a polycrystalline material, the densification
process occurs concomitantly with the coarsening progression.
Coarsening is responsible for the grain growth at the third stage of
sintering, and it is guided by an energetic difference across an interface
[10]; one should note that, for the single-phase Sn0,-CoO-Cry03-Nb,Os5
ceramic, the interfaces can be understood as the grain boundaries.
However, besides this conventional coarsened grain growth, the
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authors have shown that the insertion of single crystal SnO, belts
caused “giant grains” to emerge from the added belts, well beyond the
average particle size [9].

Two mechanisms could be responsible for the exaggerated growth
of these grains, the abnormal grain growth (AGG) or the coalescence,
while this last one fits the more general Ostwald ripening definition,
initially described as progressive growth in colloidal size at the expense
of the decrease in the number of colloidal particles [11].

Abnormal grain growth is typically found in samples containing
grain boundaries initially faceted, unlike normal grain growth in which
grains are originally spherical. Precisely, because the grain growth is
guided by energy differences between grain boundaries when they are
faceted, and consequently anisotropic - with different energies de-
pending on the orientation -, they can induce the abnormal grain
growth [12-14]. Even faceting being the most common reason for AGG,
several factors can influence this mechanism, such as temperature [14],
doping [15], or oxygen partial pressure [16]. One noteworthy point is
that abnormal grain growth happens when an initial monomodal par-
ticle size distribution results in a final bimodal distribution [17].

Coalescence can be triggered by the difference in the grain size,
where larger grains absorb the smaller ones eliminating a shared grain
boundary (interface). The driven force for this process is also given by
an energetic difference between grains, being this progression favored
when the degree of contact between the particles occurs with a low
crystallographic disorientation [10]. Moreover, this mechanism is fa-
cilitated in a system in which particles rotation is free, such as sus-
pended particles [18,19]. In a system initially presenting a bimodal
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Fig. 1. Secondary electron (SE-SEM) images of the SnCo; o(CrNbg o5 system with
1 wt% of inserted SnO,, belts after sintering for 2 h at 1300 °C, showing: 1a) two-
dimensional growth of a belt. 1b) cross section revealing the three-dimensional
growth of the belt.

distribution, this mechanism can be considered as a stimulated coar-
sening, in which the resulting particle size retains the initial distribu-
tion behavior but shifted to larger average size values.

In this work, the authors studied in detail the growth mechanisms of
tin dioxide belts inserted in a SnO,-based varistor system using electron
microscopy techniques. To the best of our knowledge, this is the first
time this growth mechanism is reported in a system with a low degree
of particle mobility, that is, in dense polycrystalline ceramics.

2. Material and Methods

To perform this study, authors used pure tin dioxide belts synthe-
sized by carbothermal reduction method inserted in a typical SnO»-
based varistor compositions. The carbothermal reduction process con-
sists of mixing a carbon source to the starting oxide in order to increase
the oxide vapor pressure at high temperature. Thus, the SnO, (Sigma-
Aldrich, 99.9% purity) and the carbon black (Union Carbide, >99%
purity) were mixed in the molar ratio of 1.5:1, and 1 g of this mixture
was dropped on alumina crucible that was inserted in the middle of a
tube furnace kept at 1135 °C for 75 min. During the synthesis, a con-
stant flux of N, (150 sccm) was used and, in order to obtain pure SnO,
belts, above 900 °C an oxygen counter flow of 5 sccm was delivered and
maintained until the end of the process [adapted from Ref. 20]. We also
tested the insertion of indium tin oxide (ITO) belts in the same varistor
composition for comparison purposes, and the ITO belts were synthe-
sized by the carbothermal reduction route as well, using the co-eva-
poration method [21].

The studied matrix compositions were (98.90%)Sn0O,-(1.00%)CoO-
(0.05%)Cr203-(0.05%)Nb,Os, and (99.65%)Sn02-(0.20%)Co0-
(0.05%)Cr»03-(0.10%)Nb,Os, all in molar percentage, hereinafter
called SnCo, (CrNbg o5 and SnCog ,CrNbg 1, respectively. The powder
mixture was homogenized using a ball milling in alcohol medium. After
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homogenization, the powder was forced to pass through a 200-mesh
sieve and then mixed with 1 wt% of SnO, single crystalline belts or 1 wt
% of ITO single crystalline belts. Then, the powders were compacted in
cylindrical discs and sintered in room atmosphere at 1300 °C for 15, 30,
60, 90 and 120 min with a heating and cooling rate of 10 °G:min~'.
The morphological characteristics of all samples, including cross-
section images and the 3D reconstruction (with the aid of the Slice and
View® and Avizo® software), were held on a dual beam microscope
(FEL, model Helios NanoLab 600i), equipped with a micromanipulator
(Easy-Lift), and trimethyl(methylcyclopentadienyl)platinum(IV) gas
injection system (Pt-GIS). A thin lamella (12 pm X 5pm X 80 nm) from
the sample sintered for 2h was prepared to contain the original SnO,
belt, grown region, and grains interfaces, and studied in detail at the
transmission electron microscope (TEM - Phillips, model CM200).

3. Results and Discussion

Fig. 1a shows the 2D growth of the belt after sintering for 2 h. The
SEM image shows that the belt grew both laterally and vertically at the
same proportion. Although different belts may present distinct growth
rates based on the initial size, the belt has maintained their main role to
eliminate shared grain boundaries and, thus, common potential barriers
[22]. Consequently, there is no evidence of a more energetic interface,
such as a faceted or a twin boundary, capable and responsible for sti-
mulating their growth [13,23,24], raising the idea of a dominating
coalescence growth mechanism.

One can see that the belt in Fig. 1a exhibited a considerable side
growth, especially in the top-right section. However, this high grain
boundary elimination rate resulted in a substantial amount of in-
tragranular pores. This is another evidence for the coalescence me-
chanism, in which parts of the belt surrounded by the highest amount of
grains with a lower degree of crystallographic disorientation will be the
one with the largest growth rate, responsible for the fast elimination of
grain boundaries that would be sinks for the pores elimination [25].

Fig. 1b shows a cross-section image of a typical belt where it is
possible to observe the three-dimensional growth of the belt and
rounded outer boundaries, unlike the faceted grains usually observed
for AGG mechanism [12-15].

For a more comprehensive spatial view of how three-dimensional
growth occurs, tomography images are shown in Fig. 2 (at different
perspectives) after the 3D reconstruction of a belt grown in the
SnCog »CrNby ; system. Fig. 2a-b (also see the Video at SI) shows that
even with the system presenting a considerable number of pores, the
original belt remains completely pore-free, indicating that the phe-
nomenon occurs only at the interface and towards the grains.

In order to monitor the growth of the belts over time, the same belts
were observed before and after the sintering process for 15, 30, 60, 90,
and 120 min, as shown in Fig. 3a—e, respectively. Fig. 3a shows that for
low sintering time, the belt started the process of incorporating smaller
grains in a barely perceptible way, since the mass transport is still
limited. For samples sintered at 30 and 60 min (Fig. 3b and c, respec-
tively), the mass transport process starts becoming evident at the edges
of the belt, once they are enclosed by a greater amount of grains, and
the energy gradient is more pronounced. It is observed that belts are
working as large grains encompassing the smaller ones, which is a ty-
pical coalescence process.

Observing the sample sintered for 90 min (Fig. 3d) it is noticed that
the belt has already grown and incorporated the neighboring grains
throughout its volume. Comparing Fig. 3e (120 min sintering time) and
Fig. 3d, it is clear that the growth rate of the belt has increased along
the sintering time, reaching >50 pm of width (about ten times its initial
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Fig. 2. Tomography of the SnCoq »CrNby ;system with 1 wt% of added SnO,, belts, sintered for 2h at 1300 °C, showing the a) XY b) XZ, and c) YZ perspectives. The
pink surfaces represent the pores. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

size). This is related to the direct relationship between the growth rate
and the driving force, i.e., with the size difference between grains and
belts [12].

Using an image processing software, the analysis of the belts lateral
growth before and after different sintering times was performed
quantitatively. Fig. 4a-b show the belt from Fig. 3c, at the same mag-
nification and vertically aligned, before (blue colored) and after 60 min
of sintering time (red colored). The difference in percentage between
the red and blue colored areas was recorded for this belt and the same
procedure was used for the other sintering times. The plot of percentage
area variation versus sintering time is shown in Fig. 4c.

Fig. 4c shows an exponential increase of the area difference as a
function of the sintering time, as has already been shown to be true for
coalescence growth processes [26]. Note that the value showed for
120 min was obtained through the exponential fit equation: AArea
(%) = 88.4 + 36.5 s 003 Time (Min)  nce the grown belt did not fit the
horizontal field width of the SEM image.

In order to further investigate into the belt growth process and the
grain alignment, FIB was used to prepare a lamella containing the
original belt, the belt/grains boundaries, and the original grains. Fig. 5a
shows a low magnification image of the lamella, where blue represents
the original belt, the coalescent grain is in red, and disoriented grains
region is in grayscale.

Fig. 5b shows a high-resolution image (HRTEM) and the selected
area diffraction (SAD) of the original belt region indicated in Fig. 5a (in
blue). The interplanar distances and angles can be completely indexed
with the rutile SnO, crystal structure (JCPDS #41-1445) [27], which is
the same crystalline structure of SnO,-based varistor grains. Moreover,
one can observe that the growth of the belts by coalescence does not
cause any type of line defect, but it has generated intragranular porosity
due to the high grain boundary mobility.

Fig. 5¢, which is an HRTEM image of point “c” in Fig. 5a, shows the
interface of the grown belt with an adjacent grain. The plane with
distance 0.24 nn (200) can be seen in the original belt (Fig. 5b), and on

both sides of the grown belt (Fig. 5c¢), but grains are not completely
aligned since (101) interplanar distance is not observed on the other
grain (right side of Fig. 5¢), thus generating a grain boundary. Based on
the HRTEM images the belts grow in the [101] direction, which agrees
with previous studies [28]. Moreover, the growth in this [101] direc-
tion minimizes the crystal energy [28], so it is preferential.

The point labeled as “d” in Fig. 5a is shown in high resolution in
Fig. 5d. Again, on its left, the coalescent grain has the same orientation
as the original belt [(101) plane is indexed], which reinforces that the
(101) plane is inducing the alignment of the grain located on the right
side of Fig. 5d, besides allowing this growth region to partially remove
the interface with the grain in another orientation (right side of
Fig. 5d). It is possible to predict that longer sintering times would have
caused the entire region shown in Fig. 5d to exhibit the same orienta-
tion without the presence of any grain boundary.

Based on what was exposed above, it is expected that no coalescence
process will occur if matrix and belts present different crystalline
structures. To test this possibility, we also incorporated 1 wt% of ITO
(cubic structure) [29] belts at the SnCo; (CrNby o5 system (tetragonal
structure) [27]. It would be interesting from the electrical point of view
since ITO exhibits considerable lower electrical resistance than SnO,
[30]. Fig. 6a presents a region with the ITO belt trapped on the surface
of the material by van der Waals force after being removed from its
initial position during the polishing process. It is observed that ITO
belts keep the regular shape, and has no indication of coalescence
process, while the SnCo; (CrNbg o5 grains present normal grain growth
and densification.

Fig. 6b exhibits the region where an ITO belt was removed from the
material. Once more, the shape of the belt sculpted in the varistor
grains indicates no mass transport between the SnO,-based grains and
the ITO belts. As it was expected for the coalescence process, more
important than having the presence of “large grains” (the belts) in the
material is having belts with the same crystalline structure of the grains,
enabling the orientation of structures which will result in grain
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Fig. 3. SEM images of selected belts in the SnCo; (CrNby o5 system before and
after sintering time using a) 15 b) 30 ¢) 60 d) 90 and e) 120 min at maximum
temperature. Scale bars measure 5 pum.

boundaries elimination. In the case of materials with so distinct phases,
such as SnO, and ITO, there is no net effect trying to use 1D structures
to eliminate grain boundaries.

In the present investigation, the authors showed that the growth of
SnO, 1D structures added to a tin dioxide matrix occurs through the
coalescence mechanism, or more generally through Ostwald-ripening.
As a result of this work, other combinations between polycrystalline
matrices and unidimensional structures (for instance ZnO, TiO,, WOs,
etc.) can be designed to obtain the desired properties, as it was done in
the present work aiming to reduce the number of potential barriers
present in the grain boundaries of high-performance SnO,-based var-
istors. To achieve success, belts and grains must have the same crys-
talline structure to facilitate the mass transport.
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Fig. 4. a) Blue color represents the original belt already showed in Fig. 3c. b)
The belt after 60 min of sintering time is indicated by the red color. ¢) Obtained
percentage area difference vs sintering time plot, and the exponential fit. Filled
black dots are experimental values, and the open red circle was obtained
through the exponential fit equation. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)

4. Conclusions

The present work studied the three-dimensional growth of SnO,
belts incorporated in a SnO»-based matrix. Different growth mechan-
isms were tested and experimental results show that the large belts
induce the crystallographic alignment of matrix grains during sintering,
eliminating grains boundaries and promoting intragranular porosity.
The obtained results agree with the coalescence mass transport me-
chanism. Cross-section and tomography images showed that the single-
crystalline SnO, belts grew in all directions incorporating smaller
grains, and SEM images before and after different sintering times in-
dicated a growth rate governed by the size difference between grains
and belts. High-resolution TEM analysis proved that incorporated
grains have the same crystallographic orientation as the belts, and ad-
jacent grains tend to align to be incorporated. The importance of 1D
structures and grains having the same crystalline structure to allow the
coalescence growth process is also discussed.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.matchar.2018.05.027.
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Fig. 5. a) Low magnification TEM image of the la-
mella containing the original SnO, belt (blue color),
the growth region (red color), and the grains
(grayscale). b) HRTEM and SAD images of the ori-
ginal belt region. ¢) HRTEM image showing the belt/
grain interface. d) HRTEM image of point “d”. (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)

(002) (101) (290)

S'nm

Fig. 6. Secondary electron (SE-SEM) images of a) an original ITO belt expelled
from the matrix after sintering, that remained attached to the surface probably
due to van der Waals forces, and b) a region that originally contained an ITO
belt into the (98.90%)Sn0,-(1.00%)Co0-(0.05%)Cr,03-(0.05%)Nb,0s matrix
with 1 wt% of inserted ITO belts after sintering for 2h at 1300 °C.
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