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Abstract

Pentavalent metals have been used as donors in tin dioxide, giving it varistor characteristics
when associated with densifying agents as CoO or MnO,. However, attempts to obtain varistor
behavior in SnO,-based ternary systems using hexavalent donors such as W®* have been
unsuccessful to date, leading to typical linear behavior. Here it is shown that one can achieve
nonlinear behavior in this kind of system, given a suitable choice of densifying agent (MnQO). In
order to get insights into the role of WO3 content on the potential barriers responsible for varistor
properties, a combination of experimental and theoretical techniques was used. Measurements
revealed two minor but relevant phases, Mn3O4 and MnWO4, whose presence was explained by
theoretical calculations and whose amount was estimated as a function of WOs. This estimate
revealed a correlation between MnzO4 amount and varistor properties, interpreted with basis on
Mn defects at SnO2/Mn30y4 interfaces. WO3 content was varied to optimize the varistor
properties, resulting in nonlinear coefficient @ ~ 6, breakdown electric field E;,, > 10 kV/cm and
leakage current I; ~ 200 pA. This finding is expected to stimulate further investigations on
SnOz-based ternary systems containing hexavalent oxides, especially using other densifying
agents, such as CoO.
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1 Introduction

Commercial varistors are composed mainly of zinc oxide (ZnO) with one or more dopants,
whose main purpose is to improve nonlinear behavior.[1,2] TiO2-, SrTiOz-, and WO3-based
varistor systems have also been studied, [3-5] but none of them had the same or better
performance than conventional ZnO-based systems. Simultaneous addition of dopants that
increase the grain conductivity and help the formation of effective potential barriers at grain
boundaries is a process widely used to obtain SnO2-based varistors [6] with high nonlinear
coefficients similar to ZnO used commercially. One approach to obtaining dense SnO»-based
ceramics with nonlinear characteristics is using small additions of pentavalent oxides such as
Nb.Os,[7,8] along with bivalent oxides as sintering agents, such as CoO[9] and MnO2[8].



One might expect similar behavior with the substitution of hexavalent oxides for pentavalent
ones. However, to date, it has never been reported any ternary system presenting varistor
behavior based only on SnOz, an oxide responsible for densification and a hexavalent oxide.
Perazolli et al. [10] analyzed the SnO>—ZnO-WOs3 system, finding only a ceramic with insulating
behavior, without nonlinear behavior characteristic of varistors. On the other hand, Margionte et
al.[11] has reported a quinary system including additional CoO and Cr20s3 that reached a
nonlinear coefficient (o) as high as 33. This finding indicates that the cause for the lack of
varistor behavior may not be precisely WQOg, but rather its association with the densifying agent
Zn0.

This paper shows, for the first time, that a SnO»-based ternary system containing a hexavalent
dopant can indeed exhibit varistor behavior (given a suitable densifying agent choice) similar to
those containing pentavalent dopants. This possibility is demonstrated for the ternary system
SnO>-MnO>-WOs. The observed non-monotonic dependence of varistor properties with WO3
content in this system was also explained, based on information gathered from an association of
experimental and theoretical techniques.

2 Materials and methods
2.1 Experimental materials and methods

The oxide powders SMWXx (x =0, 5, 10, 15, 20, 25, 30) were prepared from SnO> (99.5%,
Merck), MnO- (99.9%, Vetec) and WO3 (99.9% Fluka), with molar ratios listed in Table 1. In
order to obtain each product, the reagents were first mixed in an agate mortar using an agate
pestle and then ball milled in isopropanol media in a Teflon jar with yttria-stabilized zirconia
balls (¢ = 5 mm) for 24 h using a 5:1 balls:powder mass ratio at 30 rpm. After this, the mixed
powder was dried at 70°C for 24 h, deagglomerated with an agate mortar, and sieved (100-
mesh). Next, 0.2 g of powder was pressed into disc pellets by uniaxial cold pressing (60 MPa)
using a ¢ = 9 mm die and then sintered to 1300 °C for 2 h with a heating rate of 5 °C/min. After
these 2 h, the furnace was turned off and let to cool down naturally to ambient temperature.

Table 1. Compositions of the SnO2 — MnO2 — WO3 systems investigated.

Composition (mol%)

SnO2 MnO2 WOs3
SMWO0O 99.00 1.00 0.00
SMW5 9895 1.00 0.05
SMW10 98.90 1.00 0.10
SMWwW15 98.85 1.00 0.15
SMW20 98.80 1.00 0.20
SMW25 98.75 1.00 0.25
SMW30 98.70 1.00 0.30
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The resulting pellets were characterized at room temperature by X-ray diffraction (XRD),
scanning electron microscopy (SEM), densitometry, energy dispersive spectroscopy (EDS),
Raman spectroscopy and (I-V) tension-current DC measurements.

A Bruker D8 Discover diffractometer with CuKa radiation and a Lynxeye XE linear detector
collected XRD data of pellets in the 26 range of 10° — 70° with a step size of 0.02° (28) and
counting time of 0.8s/step. The tube voltage and current were 40 kV and 40 mA, respectively.

Pellets morphologies were analyzed by SEM under high vacuum (FEI, model Quanta FEG 250,
1 to 30 kV) in BSE mode. The mean grain diameter was obtained according to ASTM E112-10
from the micrographs. Elemental mapping was performed by EDS (Ametek, model HX - 1001)
with Apollo X - SDD detector. The apparent density of pellets was obtained via Archimedes
method according to ASTM C-373-88.

Raman spectra were obtained using a Horiba-Jobin-Yvon triple spectrometer model T64000
equipped with a liquid N2-cooled CCD, and 2 cm™ spectrum resolution slit. Measurements
employed a 532 nm green monochromatic laser beam emitted from a diode (LAS-532-100
HREV) operating at 14 mW.

Before DC electrical measurements, the opposite flat surfaces of each sintered pellet were sanded
until the sample reached a thickness of ~0.7 mm, and then painted with silver paste, which was
cured afterward. Tension-current (V-1) measurements were carried out under N2 atmosphere with
a Keithley high voltage supply, model 6517B, using the “staircase” function to sweep the voltage
from 0 to 900 V in 20 V intervals with 0.2 seconds between measurements. Higher voltages were
not used because currents higher than those measured could damage the equipment, according to
the manufacturer instructions. Nonlinear coefficients were obtained by linear regression of points
from 1 to 3.5 mA/cm?, breakdown electric fields were taken at 1 mA/cm?, and leakage currents
were taken at 80% of the breakdown electric field.

2.2 Theoretical methods

Thermal stability of phases in the quaternary system Sn — Mn — W — O was investigated by
constructing theoretical phase diagrams at finite temperatures. This system was regarded as
isobaric, isothermal, open with respect to oxygen, and closed with respect to Sn, Mn, and W,
which simulates the conditions during synthesis and measurements of the materials studied here.

The appropriate thermodynamic potential to describe the system’s energetics in such conditions
is the oxygen grand potential, defined as

CD(T' b, N.S‘n' NMn' NW' .MOZ)
= E(T: P, Nsn, Nypn, Ny, .Uoz) + PV(T' D, Nsn, Ny, Ny, Hoz)
- TS(T: D, Nsn, Nyny Ny, Hoz) — Ho,No, (T' D, Nsn, Nyns Ny, .Uoz)
= G(T: D Nsn, Nyny Ny, Hoz) — Ho,No, (T’ D, Nsn, Nyny Ny, Hoz):

where E, G, T, p, V, S and N; are the internal energy, Gibbs energy, absolute temperature,

pressure, volume, entropy and the number of atoms of species j of the phase, respectively.[12]
Mo, is the oxygen chemical potential, which depends on temperature and oxygen partial pressure,

Do, according to the expression bellow:

1)



Po
Ho, (T’ Poz) = ho,(T) — Tso, (T, pgz) + kgTln <_02>: (2)
0>
in which hy, and s, are the enthalpy and the entropy of an oxygen molecule and pgz is the
reference pressure at which this entropy is evaluated.[12-15]

For each particular uo,, p and T, one should calculate for all phases of the system the normalized
oxygen grand potential, ®, as a function of the fractions x; of components j in Sn — Mn - W
composition space,[12]

d)(T, P, Nsn, Nyn, Ny, ,uoz)
NSTl + NMn + NW

then take the corresponding convex hull,[16] and construct a two-dimensional Sn — Mn — W
Gibbs triangle with the projection of the stable nodes. However, for a condensed phase under
pressures at the order of magnitude of atmospheric pressure or below, the term pV is negligible.
Also, the entropy of oxygen gas is much larger than the entropy of condensed phases, so the term
TS can be neglected compared to the term TS, = TNy, s, that comes from the oxygen
chemical potential. Thus, the Gibbs energy in Equation (1) can be approximated as the internal
energy, which temperature dependence one may also disregard and adopt Density Functional
Theory (DFT) calculations at 0 K values instead, once the term p,, Ny, carries the most
significant effect of temperature change (the loss or absorption of oxygen). Such approximations
are especially useful, once experimental temperature dependence of Gibbs energies are rarely
available for all phases of a system and ab initio calculations for T > 0 usually require multiple
phonon calculations for each phase.[17]

, ©)

(T)(T, D) Xsn» Xmn) Xw» luoz) =

After simplifications above, the reduced oxygen grand potential becomes approximately

Eprr(0 K) — Ko,No,
Ng,, + Ny + Ny,

, (4)

q_)(xSn' Xpnr Xw» .qu) ~

where x; = N;/(Ns, + Ny + Ny,) and the explicit dependence of the right-hand side quantities

on state variables was dropped for brevity. This simpler expression was used to construct the
oxygen grand potential phase diagrams of condensed phases as a function of the oxygen
chemical potential, which now carries alone all temperature and oxygen partial pressure effects.

DFT energies[18] of the phases of the Sn — Mn — W — O system were collected from the
Materials Project database[19,20] and used to construct the phase diagrams for a wide range of
Ho, Values via the Python Materials Genomics (pymatgen) code.[21] For further details on the

overall methodology of the construction of phase diagrams from first principles, the reader is
referred to references [12,15,22].

To convert the chemical potential ranges to explicit temperature ranges, one can isolate T in
equation (2),

_ hoz (T) - Uo, (T' Poz)

’ 5
kgln (%) - So, (T, pgz) ®)
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and solve it iteratively: in the first cycle one evaluates the enthalpy and entropy of oxygen gas at
room temperature, along with the input oxygen chemical potential, 1o, (T, poz), to estimate the
corresponding temperature. In the next cycle, one revaluates the enthalpy and entropy at this new
temperature and obtain a newer temperature estimate from them and from that same chemical
potential provided as input. This procedure continues until temperature converges. The oxygen
partial pressure used was py, = 0.21 atm.

Since the phase diagrams constructed by the pymatgen code are actually for ranges of u,, we
multiplied these values by a factor of two to obtain u,, values and then substitute the latter at
equation (5). Furthermore, to be consistent with the other energies taken from Materials Project
and used to construct the phase diagrams, the energy of an oxygen molecule at 0 K as also taken
from their database,[23] i.e.,

ho,(0K) = E,, (0K) = o, (0K) = —9.871 eV. (6)
Thus, one can write the following expression for the oxygen enthalpy:
ho,(T) = 1o, (0 K) + (AhOZ)OK_)RT + (Ahy,) (7). )
The difference
(Aho,)y rpr = 10,(298.15 K) = ho, (0 K) = 8.999 x 1072 eV (8)

RT-T

was obtained from the JANAF thermochemical tables,[24] whereas the difference
(Aho,) . (T) = o, (T) — ho, (298.15 K) ©)

was obtained from fits of thermochemical data of oxygen gas from the same table to Shomate
equation in the range 100 K — 6000 K,[25] and is given by the expression that follows:[13,25]

(Ahoz)RTqT(T) =

1000,4( T >+B< T )2+C< T )3+D( T )4 E<1000>+F (10)
1000/ ~ 2 \1000 3\1000 4 \1000 T '
Thus, equation (5) becomes
—9.781 eV + (AhOZ)RT_)T(T) — 2u0(T, po,)
r= ' (11)

kB ln <%) - 502 (T, pgz)

0>
The entropy values at a reference pressure of p82 = 0.1 MPa were also obtained from the same
fits to Shomate equation, and are given by the expression bellow:[13,25]

) = Al ( T )+B< T )+C< T )2+D( T )3 E<1000>2+G (12)
S0, - A 1000 1000 2\1000 3\1000 2\ T '

The Shomate equation coefficients used here are shown in Table 2.

Table 2. Shomate equation coefficients from JANAF thermochemical tables at three temperature
ranges.[13,25]



Coefficient 100K - 700K 700K - 2000 K 2000 K - 6000 K

A (J/mol - K) 31.32234 30.03235 20.91111
B (J/mol-K?*)  —20.23531 8.772972 10.72071
C (J/mol - K3) 57.86644 —3.988133 —2.020498
D (J/mol-K*)  —36.50624 0.788313 0.146449
E (JK/mol) —0.007374 —0.741599 9.245722
F (J/mol) —8.903471 —11.32468 5.337651
G (J/mol - K) 246.7945 236.1663 237.6185

3 Results and Discussion
3.1 X-ray diffraction

In order to identify the phases present after sintering, XRD measurements were performed on the
pellets, and the diffractograms obtained are shown in Figure 1. Diffractograms of SMWO,
SMWS5 and SMW10 showed only the cassiterite (SnO., tetragonal, space group #136) phase,
similar to that observed by Margionte et al. [26]. From compositions SMW15 to SMW30, XRD
also detected a small amount of a secondary phase, identified as hiibnerite (MnWO4, monoclinic,
space group #13). The presence of this secondary phase from pellet SMW15 onwards indicates
that W solubility on SnO: is lower than 0,10% in mol. Interestingly, the observed relative
intensities of this phase differ significantly from the reference powder pattern, indicating that the
crystallites of this phase have strong preferential orientation: some crystallographic planes will
be preferably parallel to the pellet’s surface and result in higher intensity peaks, while planes
perpendicular to the surface will have their intensity significantly lowered.
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Figure 1. Diffractograms of sintered pellets SMWx (x = 0, 5, 10, 15, 20, 25, 30). All peaks
belonging to the SnO- pattern in this 26 range were highlighted and assigned, as well as the most
intense observed peaks of MnWO,. Small peaks assigned as S are due to CuKg radiation and are
associated to the three more intense SnO; peaks.



3.2 Scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), and
densitometry

Since the interplay between grains, grain boundaries and precipitates have a significant impact
on the properties of a varistor material, the microstructure of SMWx pellets was investigated by
SEM, and the obtained micrographs are shown in Figure 2.

The microstructure of SMWO comprises grains of a predominant phase (lighter shades of grey in
Figure 2) and a sparse precipitate phase at triple points (dark grey in Figure 2). Addition of WO3
up to 0.10% in mol promoted a significant increase of the precipitate phase, as seen in SMW5
and SMW10 micrographs. However, the amount of this precipitate phase progressively decreases
at higher WO3 concentrations (= 0.15% in mol), accompanied by the increase of yet another
precipitate phase (light grey needles/plates in Figure 2), whose onset traces back to the SMW10
micrograph. Interestingly, the two precipitates seem to be competing phases, once a local
abundance of one accompanies a shortage of the other.

Another feature observed is the presence of pores at higher concentrations of WOs3, especially at
SMW20 and SMW?25 micrographs. This porosity, along with the increase of precipitate phases,
resulted in a nearly monotonic reduction of relative density from 97.6% (SMWO0) to 91.3%
(SMW30), as shown in Table 3. The mean grain size, on the other hand, increased with the first
WO3 addition but remained approximately constant with higher WO3 contents.

Since the main phase detected by XRD was SnO, and the MnWO4 phase only was detected
from composition SMW15 onwards, one can safely assign grains as SnO and the needle-
like/plate-like precipitates as MnWOa. The morphology of this latter precipitate is also
compatible with the preferential orientation of MNWOj indicated by XRD. However, the identity
of the other precipitate phase, at triple points, could not be deduced by the diffractograms and
micrographs alone. In order to help elucidate this point and provide insights regarding the
solubility of Mn and W on SnO., EDS measurements were also performed on some of the
pellets.

According to the EDS mapping of SMW10 (Figure 3), the precipitate phase at triple points is
composed mainly of Mn and O, indicating it is a manganese oxide. EDS of this precipitate at
SMW15 also supports this interpretation, as seen at “spot 4” in Figure 4. Also, even at some
triple points without noticeable precipitates in the micrograph of SMW15, as at “spot 2 in
Figure 4, EDS showed a high concentration of Mn. Therefore, it appears that Mn has a strong
preference for triple points among SnO- grains, and this may have led to nucleation and growth
of manganese oxide precipitates at these locations.
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Figure 2. SEM Micrographs of SMWx (x =0, 5, 10, 15, 20, 25, 30) pellets. The length of the bar
at the right bottom of each image is 50 um.



Table 3. Mean grain size and relative density for studied systems.

Mean Grain Relative
Size (um)  Density (%)
SMWO0 59+0.1 97.6+0.9
SMW5 70+0.2 96.7 £ 0.7

SMW10 7.0+0.2 96.5+1.0

SMW15 7.2+0.1 95.9+0.5

SMW20 7.3+0.1 933+1.1

SMW25 7.3+0.2 91.2+1.2

SMW30 7.2+0.1 91.3+1.4

System
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Figure 3. EDS Mapping for SMW10 system. The length of the bar at the left bottom of each
image is 5 pm.
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Figure 4. SEM/EDS for SMW15 system. The length of the bar at the left bottom of the
micrograph is 10 um.
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Figure 5. EDS Mapping for SMW?25 system. The length of the bar at the left bottom of each
image is 20 um.

As for the grains, they are indeed composed mainly of Sn and O, according to EDS mappings of
SMW10 and SMW?25 (Figure 3 and Figure 5, respectively) and EDS at “spot 1” of SMW15
(Figure 4). However, they also contain a noticeable amount of W, as evident from EDS
mappings of SMW10 and SMW25 and the low (but not negligible) intensity peak at 1.775 keV
corresponding to W atoms at “spot 1” of SMW 15 (Figure 3, Figure 5 and Figure 4, respectively).
On the other hand, Mn could not be detected inside grains of SMW10 and SMW15 (Figure 3 and
Figure 4), although its presence is evident in the case of SMW?25 (Figure 5). This low solubility
of Mn in SnO; has also been reported by Gouvea et al. [27,28] and may be responsible for the
Mn preference for grain boundaries shown above. Besides, the even distribution of W in the
grains seems to decrease manganese solubility even further, raising the manganese oxide
precipitate concentration at boundary region. Orlandi et al. observed similar behavior.[8]

The needle-like/plate-like precipitates were confirmed to be an Mn- and W-rich, Sn-poor phase
(Figure 3 and Figure 5), supporting its assignment as the MnWQ4 phase identified by DRX. As
discussed above, this phase forms at the expense of manganese. This manganese decrease
explains the trends of mean grain size and relative density observed in Table 3, as Gouvea et al.
have shown that the presence of manganese cations on grain surface controls grain growth and
densification of Sn02.[27] Therefore, MNnWO4 formation hindered the densification mechanism
and favored grain growth mechanism.

3.3 Raman spectroscopy

Raman spectroscopy was then used to identify whether the precipitates at triple points were
indeed a manganese oxide and, if so, which one. Grains, grain boundaries at triple points, and the
needle-like/plate-like precipitates were also probed to endorse the previous conclusions draw



from DRX, SEM, and EDS. Phases were identified by comparing the measured spectra with
those on the RRUFF Project database.[29]

As shown in Figure 6, the Raman spectra of the manganese oxide precipitate (spot 1 in the
figure) of SMW10 and SMW20 match that of Mn3Og4 (tetragonal, space group #141; RRUFF ID
#R040090), whose most intense vibrational modes are those at 315, 369 and 657 cm™. They
correspond to the out-of-plane bending modes of Mn3QOj4, the asymmetric stretch of bridge
oxygen species (Mn-O-Mn), and the symmetric stretch of MnzO4 groups, respectively. [30-32]
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Figure 6. Raman spectra recorded at the grain, grain boundary and precipitates positions in the
(b) SMW10 and (d) SMW20 samples, as shown in their respective SEM micrographs (a) and (c).

Raman spectroscopy also confirmed that grains of SMW10 and SMW?20 are basically composed
of SnO2 (RRUFF ID #R060563), since their Raman spectra (spot 4 in Figure 6) show mainly the
cassiterite vibrational modes: the three most intense bands located at 474 cm™, 634 cm™ and 774
cm* associated to Eg, A1g and Bzg vibrational modes, respectively.

Grain boundaries at triple points of SMW10 and SMW?20 are composed by both SnO, and
Mn3z04 (spot 3 in Figure 6), which explains the high concentration of Mn found by EDS in these
regions.

The assignment of needle-like/plate-like precipitates as MNnWO4 (RRUFF ID #R050139) was
also endorsed by their Raman spectra (spot 2 in Figure 6) since the measured frequencies of the
main vibrational modes of these precipitates are identical to those from literature (Table 4).



Table 4. Raman spectroscopy vibrational modes of the needle-like/plate-like precipitate,
compared to the vibrational modes and their respective atomic movements found in the literature
for MNWOsa.

Raman frequencies (cm™)

Mode This work Ref. [33] Atomic movements
Ag 128-129 129 Mn(y) W(y)
Ag 206-208 206 W(y) Mn(y)
Aqg 257-258 258 02(xyz) W(y) Mn(y)
Aqg 326-327 327 02(yz) O1(xyz) Mn(y)
Ayg 397-398 397 02(xy) O1(xz) W(y)
Aqg 545-546 545 O1(yz) O2(xyz) Mn(y) W(y)
Ag 697-698 698 01(xz) W(y)
Ag 884 885 02(xyz) W(y)
By 774-776 774 02(xyz) W(xz)

3.4 Distribution of Mn and W over grains, precipitates and grain boundaries

Next, based on information gathered from XDR, SEM, EDS, and Raman spectroscopy, it is
presented estimates of SnO2:Mn304:MnWO4 molar ratio, Mn3O4 distribution over grain
boundaries and precipitates, Mn and W solubility in SnO> grains, and amount of oxygen released
during sintering. Most of these quantities vary with W content and, as demonstrated below, their
interplay results in the behavior observed as x increased: increase of Mn3O4 precipitates when W
is first introduced, and then the appearance and increase of MNnWO; precipitates accompanied by
a decrease of Mn30g4 precipitates. Also, as shown later, the dependence of the amount of overall
Mn304 phases on X is strongly connected to the varistor properties of SMWx systems, so it is
important to estimate this dependence, which could not be directly obtained by experiments.

One can state the overall reaction in the SMWHx systems as

(0.99 — x)Sn0, + xW 05 + 0.01MnoO,
— aSNy_y_(32/2)Mn,W,0,_(y /2) + BMnW 04 + v, (Mn30,), (13)
+ ng(Mn304)gb + 602 T,
where x is the molar fraction of WOs3 reactant (= x/10%), y and z are the concentration of Mn
and W dopants in SnO., respectively, and subscripts p and gb refer to Mn30, precipitates and
Mn30, in grain boundaries, respectively. It was assumed that the oxidation state of Mn inside
SnO; grains is 3+, although a different value such as 2+ or 4+ would only change the amount of
oxygen released and of oxygen vacancies, without implications for the secondary phases. y,, and
Yg» Can be condensed in a single coefficient,

Y=VYp T Vb, (14)
corresponding to Mn;0, phases in general, irrespective of where they are located in the pellets.

Below, a, 8, ¥, Y4, ¥, 8, y and z are calculated as a function of x based on two assumptions.

One is that Mn and W have nearly equal solubility in SnO2 but compete with each other, with the
latter being more favorable than the former. This is, Mn amount in SnOz is maximum when there



is no addition of W and decreases as W is added, until Mn becomes eventually absent in SnO. at
some critical x = x4, at which W concentration in SnO reaches its solubility limit, z,,

Y+ z=cte=Zugy- (15)
Within the W solubility limit, all W atoms are found as dopants in SnO2, whereas beyond that
limit the remainder of W atoms begins to form a MnWO; precipitate. The other assumption is
that Mn3O4 is located preferably at grain boundaries up to a molar limit yg, ;4. Since the
amount of overall Mn3O4 exceeds this limit for lower values of x, the amount at grain boundaries
is essentially insensitive to x (and equals t0 y4p, mayx) Until some critical x = x.,, at which all
Mn3O;4 precipitates have been consumed to form MnWOs. From this point onwards it is the
Mn3z0Oy4 at grain boundaries that is consumed:

_ ng,max x < Xc2 .
(Y = VYgbmax X < X¢2
P { 0 X=Xy (17)

Although measurements performed here could not directly access these two assumptions, it is
evident that their consequences, as discussed above, are in complete agreement with SEM and
EDS results.

Balancing of chemical equation (13) leads to the following coefficients a, £, y and §:

2(0.99 — x)
“= 2(1 - Zmax) —Z ’ (18)
B=x—az; (19)
y = 0.01 — a(zrgax -z)—p ; (20)
5=2(2+x)—(4+z—zmax)a—8(ﬁ+y) . (21)

4
Equation (15) was used to eliminate y. From equations (18) and (19), and bearing in mind that
B = 0 for x < x4, one can calculate the fraction z of W atoms at Sn sites in SnO- as

2x(1 - Zmax)
7={"1og—x ¥ <X, (22)
Zmax (X = xcl)

The values of zp,q, and y4pmax Were obtained by demanding that z is continuous at x., and that
Ygb 1S CONtinuous at x,, respectively. This results:

_ 2X.1 _ (23)
fmax =198 1 %,
_0.02 + 1.95Zmqx + Xz (Zimax — 2) (24)
ng,max - 3(2 — BZmax) .

Thus, one may estimate x.; and x., from SEM measurements, obtain z,,, and y,p, max from
equations (23) and (24), obtain z from Equation (22), and then calculate a, B, v, ¥gp, ¥ and &

from equations (18), (19), (20), (16), (17) and (21), respectively. Since traces of MnWOQ4 phase
start to appear in micrographs at x = 0.10%, the onset of its formation (x.;) lies somewhere in
between x = 0.05% and x = 0.10%. Also, since the absence of Mn3O4 precipitates are first



noted at x = 0.25%, the onset of their depletion occurs at some point in between x = 0.20% and
x = 0.25%. Thus, x., and x., were estimated as the midpoints of these ranges, i.e.,

Xc1 = 0.075%; (25)
Xz = 0.225% (26)
although the actual values may differ slightly from these adopted here. Such values lead
Zmax = 0.076% ; (27)
Ygbmax = 0.283% . (28)

The values of all estimated quantities for each SMWHx system are presented in Table 5. It is
evident that coefficients of Mn3O4 precipitates and MnWO4 follow the qualitative trend observed
in SEM micrographs and discussed at the beginning of this section. The behavior of the
coefficient of overall Mn3O4 phases, on the other hand, could not be directly inferred from
experiments and is calculated as slightly different from that of MnzO4 precipitates. Both initially
increase with x, reach a peak at x.;, and then eventually decrease to values lower than that of

x = 0. But the former assumed a non-null value at greater x values. Interestingly, this is
essentially the same trend seen in most varistor properties of the SMWx systems, as shown later.

Table 5. Dependence of terms in Equation (13) on W content, separated by range. In the first
range, all W atoms are inside SnO2, so MnWOQzs is not present yet. In the second, W atoms reach
their solubility limit in SnO; and their excess form a MnWQO4 phase at the expense of Mn304
precipitates. In the third range, Mn3O4 precipitates are no longer present, and part of the MnWO4
phase now is formed at the expense of Mn3O4 at grain boundaries.

x(%)  Range  z(%) a(%) B%) ¥ (H) Yo (%) ¥ (%) 8 (%)
0.00 0.000 99.075 0.000 0.308 0.283 0.025 0.327
0.05 X< Xey 0.050 99.050 0.000 0.325 0.283 0.042 0.331
0.10 0.076 99.012 0.025 0.325 0.283 0.042 0.338
0.15 X <x<x., 0076 98962 0.075 0308 0283 0.025 0.346
0.20 0.076 98.912 0.125 0.292 0.283 0.008 0.354
0.25 S 0.076 98.862 0.175 0.275 0.275 0.000 0.363
0.30 X =Xez 0.076 98.812 0.225 0.258 0.258 0.000 0.371

3.5 Thermodynamic stability from first principles

Whereas the presence of secondary phases in the pellets may be explained by a low solubility of
Mn and W in SnO; as discussed in the previous section, it was less obvious why measurements
identified specifically the phases MnWO4 and Mn3z0s, instead of starting oxides WOz and MnOa.

To shed light on this, the relative thermodynamic stability of these and remaining phases in the
system Sn-Mn-W-O was investigated by constructing the theoretical oxygen grand potential
phase diagrams shown in Figure 7(a)-(d). Each one displays the thermodynamically stable
phases (colored nodes) at a specific temperature range. For any composition not located precisely
at a node, a mixture of two or three phases will occur, depending on whether this composition
lies at a line connecting two nodes or inside a triangle formed by three nodes. In the first case,
the stable phases at that composition are those at the two nearest nodes in that line, whereas in
the latter case are those at the triangle vertices nodes.[12]
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Figure 7. (a)-(d) Oxygen grand potential phase diagrams from first principles for four
temperature ranges. (e) The three thermodynamically stable phases (nodes of the black edges
triangles inside of which are the compositions investigated here) as a function of temperature.

Owing to the small fraction of Mn and W in the pellets, all compositions synthesized are located
very close to the Sn corner (bottom right vertex) at the phase diagram, lying inside a triangle (the
one with black edges in Figure 7(a)-(d)) formed by the only three expected stable phases for this
range of compositions.

Figure 7(e) shows the evolution of these phases along the heating process. SnO: is
thermodynamically stable throughout the whole temperature range investigated (0 — 1350 °C).
MnO, on the other hand, is predicted to decompose to Mn,0O3 at ~380 °C, which in turn
decomposes to Mn3O4 at ~1000 °C. Then MnzO4 remains stable at least until 1350 °C. At the
Sn:Mn:W compositions considered here, WOz is stable until ~560 °C. At this temperature, it
reacts with part of the Mn,O3 to form MnWOg, which is still stable at 1350 °C.

After cooling down to room temperature, the thermodynamically stable phases are SnO2, MnO>
and WOs again. However, a not high enough atomic mobility at the transition temperatures [22]
or a high cooling rate, or a combination of both, can kinetically stabilize MnWOQO4 and MnzO4,
because they would reach room temperature before significant diffusion occurs, preventing the
decomposition of these phases. As mentioned in Section 2.1, the furnace was shut down
immediately after it spent the 2h at 1350 °C. Therefore, as the cooling rate was the highest
possible without opening the furnace and quenching the pellets, it is not surprising that MNWO4
and Mn3O4 were the precipitates identified by measurements, instead of starting oxides WO3 and
MnO..



Literature data support both the successive formation of Mn03, MnzO4, and MnWO4 during
heating and the kinetic stabilization of the two latter at room temperature. For instance, after
MnWOys is synthesized at high temperatures from manganese and tungsten sources, it remains
stable at room temperature instead of decomposing to MnO2 and WOs3.[34] Similar behavior is
observed to Mn30s, that can be obtained by heating MnO. at 1000 — 1050 °C in air and then
cooling it down to room temperature.[35,36]

The effect of oxygen partial pressure, p,,, on the predicted reduction reactions was also
investigated and is shown in the modified Ellingham diagram of Figure 8. Labels correspond to
reactions listed in Table 6. The intercept of each reaction line with the temperature axis gives the
temperature at which the reaction becomes thermodynamically favorable at p,, = 1 atm. At
lower pressures, the reduction temperature is that at which the reaction line intercepts the
corresponding pressure line.[12]

According to our predictions, using an oxygen-rich atmosphere (po, > 0.21 atm) instead of air
(po, = 0.21 atm) has little effect on reduction temperatures, increasing them by only ~50 °C or
less. An oxygen-poor atmosphere (inert gas or vacuum), on the other hand, can decrease
reduction temperatures by hundreds of degrees, depending on how low the oxygen partial
pressure is. However, in both cases, the conclusions drawn above stand the same, because at high
temperatures the phases are still SnO2, Mn3O4 and, MnWO4, which are kinetically stabilized at
room temperature by the high cooling rate.

Aside from the three reactions deduced via phase diagrams, two other reactions were considered,
involving the formation of MNnWO4 from MnO; or Mnz0O4, instead of Mn20Os3 (reactions 1 and 3
in Table 6). MnWOQ4 formation from Mn3zOg4 is favored already at low temperatures, but this only
can happen if MnzOg is present, so MnWO4 formation is delayed until the system reaches high
temperatures. However, by this point, MnWO4 has already been formed from Mn;Os. MnWO4
formation from MnO: is favored ~100 °C before from Mn20s3, so it may take place if MnO> has
not been wholly reduced to MnO3 yet at this temperature due to kinetic reasons.
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Figure 8. Modified Ellingham diagram for equations in Table 6. Lines with negative slope
indicate oxygen partial pressure. Each reduction temperature is read from the intercept of the



reaction line with the temperature axis (at oxygen partial pressure of 1 atm), or with the
appropriate pressure line (at an oxygen partial pressure lower than 1 atm).

Table 6. Reactions considered in Figure 8 and the labels used.

Label Reaction
1 2Mny0, + 6W0; - 6MnWO0, + 0,
4Mn0O, —» 2Mn,05 + 0,
2Mn0, + 2W 05 - 2MnW 0, + 0,
2Mn,0; + 4W 05 » 4MnW o0, + 0,
6Mn,0; - 4Mn;0, + 0,

g~ wdN

3.6 DC Tension-current (V-1) measurements

In a varistor, high nonlinear coefficient (a) and breakdown electric field (E;), as well as low
leakage current (I;), are desirable for commercial application. As shown by the expression

j=KE<*, (29)
« is a measure of the nonlinearity: the greater this parameter is, the better the varistor; « = 1, on
the other hand, corresponds to ordinary linear behavior. E; specifies the maximum operation
voltage of the varistor and is proportional to the number of effective potential barriers (which
decrease with increasing grain size) in grain boundary regions and also to their height. ; is the
current due to electrons that tunnel these barriers or that pass through grain boundaries where an
effective barrier is absent; thus, a low leakage current is indicative of barriers effectiveness.

In order to evaluate the impact of WOz addition on these varistor properties of MnO.-doped
SnOy, E vs. j curves were first obtained (Figure 9), from which «, E;, and I, were derived (Figure
10).

Among the SMWHx systems, SMW5 and SMW10 presented the highest nonlinear coefficient, 6.1.
This a value is similar (although a little lower) to those of CoO- or MnO.-doped SnO- systems
with the addition of Nb20Os,[8] where pentavalent Nb acted as a dopant in SnO2 (Table 7). More
importantly, this a value of 6.1 demonstrates that WO3 addition is a viable strategy for
increasing «, given a suitable choice of densifying agent. Such choice appears to be crucial:
while MnOg, used here, led to increased a, ZnO actually leads to linear behavior (Table
7).[10,26] It is possible that a densifying agent other than ZnO and MnO: could result in even
higher a values, which warrants further investigation.
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coefficient of overall Mn3O4 phases (y) in Equation (13), which is proportional to the relative



amount of MnzO4 present in grain boundaries and as precipitates, is also shown for comparison.
The three ranges are those discussed in Section 3.4.

SMW15 had the highest E;, of 11.15 kV/cm, although all three SMWHx systems in the range x =
515 had E,, values above 10 kV/cm, which is greater than those of ternary CoO- or MnO,-
doped SnO> systems with the addition of Nb2Os.

SMWS5 presented the lowest leakage current of 218 uA among SMWx systems. Such value is
still high in comparison with commercial SnO.-based varistors, which have I;~50 uA. This
indicates the existence of non-effective barriers at the grain boundary region.[8]

Table 7. SMW10 nonlinear coefficient and breakdown electric field compared to those of ternary
systems in literature at their respective optimal compositions.

Reference System a Ep(kV/icm)
This work (SMW10)  SnO2-Mn0O,-WO3 6.1 10.3
Pianaro et al. [7] Sn0O2-Co0O-Nb20s 8 1.87

Orlandietal. [8]  SnO2-MnO2-Nb.Os 7.3 9.35
Perazolli et al. [10] Sn0>-ZnO-WO3  ~1* N/A *

* This system did not present nonlinear behavior.

It is evident in Figure 10 a correlation between the amount of Mn3Oys in the system and the
varistor properties, especially a and I;. This correlation holds even if a higher (but < 0.10%) or
slightly lower value for x., is adopted, since this would essentially only shift the y peak position
to this new (but very close) value. Adoption of a different x., would also not be a concern, since
y is independent of this parameter.

Such correlation was expected since Mn atoms act as donor metals, [37] segregating and thus
promoting an increase of potential barrier at SnO2/Mn30y4 interfaces by insertion of defects at the
outermost atomic layers of SnO> according to the following reaction (in Kréger-Vink notation):

Mn;0, =23 Mnf, + 2Mng, + 2V, + 405 . (30)
The presence of these negatively-charged defects favors adsorption of different oxygen species,
aiding potential barrier formation and improving varistor properties of systems. [38,39] Thus, the
higher the amount of Mn3O3 in the system, the better the varistor properties, as observed in
Figure 10.

4 Conclusions

The SnO2-MnO2-WOs3 varistor system is a phase mixture for all compositions investigated. The
identity of these phases and their location were identified using a combination of SEM, EDS,
XRD and Raman measurements, as follow. The system without WOz (SMWO0) exhibited SnO>
grains, Mnz04 precipitates and probably Mn3zO4 also at grain boundaries since this latter phase
was found at grain boundaries for all compositions probed via Raman and EDS (which did not



include SMWO). For concentrations lower than ~0.10%, W atoms are present exclusively inside
SnO; grains and appear to replace Mn atoms there, thus increasing the amount of MnzO4
precipitates. At higher concentrations, the excess W atoms precipitate as a MnWO4 phase,
formed at the expense of Mn3O4 precipitates. This process continues at higher WO3
concentrations until the point of depletion of Mn3O4 precipitates, occurring at some WO3
concentration in between 0.20% and 0.25%. The amount of MnWO4, however, continues to
increase, this time at the expense of MnzO4 at grain boundaries. It is worth noting that, despite all
microstructural changes, the addition of WOz did not change the mean grain size significantly.

Thermodynamic calculations from first principles (along with kinetic considerations) explained
why phases Mn304 and MnWO4 were present instead of starting MnO2 and WQO3z. Oxygen grand
potential phase diagrams and a modified Ellingham diagram confirm that the starting phases are
the most stables at room temperature, but predict three reactions at higher temperatures. First,
MnO: is reduced to Mn2Os. Then, for the compositions considered here, in which the Mn:W
ratio is greater than 1, part of Mn,O3 reacts with WO3 to form MnWOas. Last, Mnz0Os is reduced
to form Mn30s. During cooling, the phases MnzO4 and MnWO; are then stabilized kinetically by
the high cooling rate of the pellets.

These calculations also help to explain why the relative density of sintered pellets decreased
significantly from composition 0.10% onwards: the reaction between WO3 and the sintering
agent (in its reduced form, Mn203) to form MnWO4 becomes thermodynamically favorable
below 600 °C. This reaction depletes part of the sintering agent long before sintering temperature
is reached, compromising densification.

An analytical model of how the coefficients of the products in the synthesis reaction of the
SMWx systems depend on x revealed a concave profile for the molar quantity of overall MnzOs,
with a maximum centered at x ~7.5. This profile was very similar to those presented by the
nonlinear coefficient («), the breakdown electric field (E},) and the leakage current (I;),
indicating a correlation between the amount of overall Mn3O4 and varistor properties.

Tungsten addition to the SnO2-MnO; system improved varistor properties up to 0.15 mol% of
WOs, promoting the increase of nonlinear coefficient to « = 6 and breakdown electric field to E,
= 11.15 kV/cm, as well as reduction of leakage current. These results can be attributed to
segregation of Mn caused by small additions of tungsten, helping the formation of defects that
increase potential barrier at SnO2/Mn304 interfaces. For SMW20, SMW25 and SMW30 systems,
tungsten addition caused degradation of the potential barrier due to the formation of MNnWO4
phase by partial depletion of Mn3O4 phase, which decreased nonlinear coefficient and
breakdown electric field to values as low as a ~ 2.5 and E;, = 5.06 kV/cm.

This is the first report of varistor behavior in a SnO»-based ternary system having a hexavalent
donor as a dopant. Previous attempts using a different densifying agent, ZnO, resulted in typical
linear behavior. Therefore, the sintering agent selected here (MnQO>) has proven crucial to
nonlinearity. We expect this finding stimulates further investigations on SnO»-based ternary
systems containing hexavalent oxides, especially using other densifying agents, such as CoO.

Also, to the best of our knowledge, thermodynamic calculations from first principles and
analytical modeling of synthesis equation coefficients have not been applied to varistor systems
before, and Raman measurements are also not usual in this forum. Since these techniques played
a fundamental role to characterize the phases observed here, and also to evidence the correlation



between the unreacted amount of densifying agent and the varistor properties, we believe the
present paper will stimulate other research groups investigating varistors to employ them as
additional tools.
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