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bstract

ure and Bi doped ZnO nanopowders have been prepared by a physical vapor deposition process in a solar reactor (SPVD). From X-ray diffraction
XRD) spectra performed on initial targets and on the nanopowders obtained, the lattice parameters and the phase changes as well as the average
rain sizes and the grain shape anisotropies have been determined. High Resolution Transmission Electron Microscopy (HRTEM) observations
upport the results. The pure ZnO nanopowders “grain size” and “grain shape anisotropy” (whiskers with an average diameter of 20–40 nm) is a
unction of the air pressure during the vaporisation–condensation process: the higher the pressure, the longer the whiskers. The bismuth doped
nO nanopowders are polyphased but the ZnO based majority phases behave similarly to pure ZnO with a tendency to form whiskers but with a

rain size and grain shape anisotropy decreasing when the Bi content increases.

Preliminary electrical measurements at temperatures below 300 ◦C have shown that the ionic conductivity of the nanocomposites obtained
tarting from ZnO + 23 wt% Bi2O3 targets is high and promising for applications.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Zinc oxide (ZnO) is a material which has been extensively
tudied because of its use in a wide range of applications related
o its chemical and physical properties. ZnO is used as trans-
arent conductive electrodes.1,2 In optoelectronics, ZnO is a
romising material for the fabrication of blue light emitting
iodes.3,4 It is also the best substrate available for the epitaxy of
aN layers.5 It is used in chemistry and catalysis for its surface
roperties and its chemical reactivity (synthesis of methanol,6,7

tabilisation of polyethylene,8 pollutant degradation,9 . . .). The

ain aim in this work is the manufacture of doped zinc oxide

aristors used for the protection of electric or electronic devices
gainst the voltage surge.10–13 This application depends on
he microstructure, it is based on the electrical conductivity of
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he bulk, of the grain boundaries and of the interfaces between
he solid solution Zn1−xBixO1−δ and secondary phases.14 The
reater the number of the grain boundaries in the material, the
ore significant is the varistor effect. This effect is due to poten-

ial barriers related to the segregation or the precipitation of
dded elements, such as bismuth, to the grain boundaries. Con-
equently, zinc oxide ultrafine powders have been prepared to
ncrease the number of the grain boundaries and of the potential
arriers in the massive nanomaterials.15,16 However, the evapo-
ation of bismuth oxide during sintering, which leads to a porous
aterial of very low density,17,18 remains the major disadvan-

age of the addition of this oxide alone, essential to the varistor
ffect.

In this work, pure and Bi2O3 doped ZnO nanopowders of dif-

erent grain sizes have been prepared. The powder nanostructure
as characterized and studied using various techniques includ-

ng X-ray Diffraction (XRD) and High Resolution Transmission
lectron Microscopy (HRTEM).

mailto:monty@promes.cnrs.fr
dx.doi.org/10.1016/j.jeurceramsoc.2007.01.020


3414 T. Ait Ahcene et al. / Journal of the European Ceramic Society 27 (2007) 3413–3424

“heliotron” solar reactor and (b) view of the “heliotron” solar reactor.
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Fig. 1. (a) Solar physical vapor deposition (SPVD) process in the

. Experimental

.1. Nanopowders preparation by the SPVD process

The zinc oxide based ultrafine powders were prepared by
aporisation–condensation in a solar reactor (solar physical
apor deposition or SPVD). This method consists, to sublimate
ure ZnO (Johnson&Matthey) or Bi2O3 doped ZnO by con-
entrating the solar radiation on targets made of compacted
owder.19,20 The nanopowders are collected by scraping the
eposit formed on a cold finger (water cooled copper tube),
r by trapping them on a nanoceramic filter through which the
mokes produced are pumped. Fig. 1a and b shows the more
ecent solar reactor of this type, called “heliotron”. Pure zinc
xide nanopowders were prepared under various pressures of
ir in the solar reactor (P = 5, 30, 70 and 100 Torr). The Bi
oped targets used in this study have been prepared by mix-
ng ZnO and Bi2O3 powders with several compositions (1, 5,
2 and 20 wt% Bi2O3, corresponding, respectively, to 0.176,
.911, 2.326, 4.183 mol% Bi2O3). After mixing, the powders
ere compacted and annealed at 700 ◦C under air during more

han 2 h. The microstructural study of these targets is detailed in
ection 3.2.2.

.2. Characterization methods

Crystalline powder structure was recorded by X-ray diffrac-
ion with Cu K� radiation (λ = 1.54056 Å) using a Philips
iffractometer. Each diffraction peak was deconvoluted by two
orentz functions each one corresponding to the radiations
K�1 (1.540656) and λK�2 (1.54438) of Cu (ORIGIN 6.0 soft-
are). The spectra were scanned over the 2θ angular range

0–70◦.

From XRD peaks width it is possible to determine an “average
rain size” (in fact the “coherent diffraction domains” average
ize)30 of the nanopowders by applying the Scherrer formula to

Fig. 2. (a) XRD spectra of a pure ZnO nanopowder prepared by SPVD com-
pared with commercial ZnO annealed at 1400 ◦C during 48 h under air. (b) XRD
width determined on ZnO annealed at 1400 ◦C/48 h/air and compared with the
“instrumental width” determined by Langford and coworkers.30



pean

X

d

w
t
a

c

δ

w
W
n

t
e

y

w
f
L

3

3

o
c
a
8
s

F
2

T. Ait Ahcene et al. / Journal of the Euro

RD diffraction peaks28,29:

m = Kλ

δcor cos θ
= 0.9λ

δcor cos θ

here dm is the mean crystallite size in the considered hkl direc-
ion, λ the wavelength (Cu K�), θ the Bragg diffraction angle
nd δcor is the corrected half-width of the diffraction peak.

In this study the peak shape was nearly Gaussian and it was
onsidered that:

cor = (w2 − w2
st)

1/2

here w is the experimental width at half-peak intensity or Full
idth at Half Maximum (FWHM) in radians, related to the
anopowder and wst is the “instrumental width”.
We have determined the instrumental width from XRD spec-

ra of well-annealed pure ZnO, it obeyed in this series of
xperiments to the relation:

= 0.101 − 8.93 × 10−4x + 1.28 × 10−5x2

i
1
u
(
i

ig. 3. (a) Evolution of the undoped ZnO nanopowders XRD spectra as a function of
0 0, 1 1 2 and 2 0 1 XRD peak shape and position as a function of the air pressure du
Ceramic Society 27 (2007) 3413–3424 3415

here x stands for 2θ in degrees and y is also in degrees. This
unction was found quite close to the function proposed by
angford29,30 (see Fig. 2b).

. Results

.1. Structural study of undoped ZnO nanopowders

XRD spectra performed on undoped ZnO nanopowders
btained by the SPVD process and annealed ZnO commer-
ial powder are shown in Fig. 2. As a first approximation, they
re in agreement with literature data for pure ZnO (JCPDS no.
0-0075: zincite hexagonal structure, a = b = 3.25 Å, c = 5.21 Å,
patial group P63mc).

Fig. 3 shows the XRD diagram as a function of the pressure
nside the reactor during the SPVD process (P = 5, 30, 70 and

00 Torr). From these spectra, the lattice parameters and cell vol-
me variations of pure ZnO nanopowders have been determined
see Fig. 17 later). It can be noticed that the lattice parameter a
s nearly constant while the parameter c increases with the air

the air pressure during the preparation by the SPVD process. (b) Evolution of
ring the undoped ZnO nanopowders preparation by the SPVD process.
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ig. 4. Grain size of undoped zinc oxide nanopowders as a function of the air
ressure during the SPVD process.

ressure and consequently, that the volume of the elementary
ell increases, remaining larger than the volume deduced from
RD data. Comparing the experimental values obtained in this

tudy to the literature data it appears that the best agreement
s obtained with (JCPDS 80-0075) determinated also on ZnO
anopowders31 and that the values of the c parameter are higher
han most of the literature data.

From XRD peaks broadening (see, for example, Fig. 3b) the
verage “grain size” of the powders has been determined as a
unction of the air pressure (see Fig. 4): the lower the pressure,
he smaller the particles. A striking result is that the grain size is
ependent on the crystallographic (1 0 0, 1 1 0, 0 0 2) directions.
ransmission Electron Microscopy observations show also that
hen the air pressure increases, the structure varies from smaller
nd isotropic grains to whiskers (often four of them are linked as
tetrapods”,32–36 see Fig. 5); this shape anisotropy can explain
he observed crystallographic dependency of the average grain
ize.

ig. 5. TEM observations on undoped ZnO nanopowders: whiskers and precip-
tates are visible simultaneously.
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ig. 6. XRD spectra of Bi doped ZnO targets annealed at 700 ◦C during more
han 2 h in air.

.2. Structural study of Bi2O3 doped ZnO nanopowders

.2.1. Initial powders
XRD spectra have been performed on Bi2O3 doped ZnO ini-

ial powders used to prepare targets for the SPVD process (see
ig. 6). After annealing during more than 2 h at 700 ◦C in air in
uch a way the solid-state reactions were achieved and the activ-
ty of the bismuth oxide reduced a solid solution Zn1−xBixO,
lose to pure ZnO (ref. JCPDS 80-075) was found both with
he cubic phase Bi38ZnO58+δ (δ = 0, ref. JCPDS 42-183; δ = 2,
ef. JCPDS 41-0253), according to published phase diagrams
see Appendix A). The formula of this cubic compound can
lso be written as (Bi1−0.025Zn0.025)2O3−0.1 and is considered
s close to �-Bi2O3. The peak intensities corresponding to the
i38ZnO58+δ phase increase with the Bi content in the sample,
hile the peak intensities corresponding to the solid solution
n1−xBixO only slightly vary.

.2.2. Bi2O3 doped ZnO nanopowders
Nanopowders were obtained by the SPVD process in air

air pressure was 30–40 Torr). Their XRD diagrams are seen
n Fig. 7. A solid solution Zn1−yBiyO (y �= x) whose XRD peaks
re slightly shifted to the high angles (comparing to pure ZnO)
as been found. Beside Zn1−yBiyO, the phase Bi7.65Zn0.35O11.83
as been also identified (ref. JCPDS 43-0449). The phase
i7.65Zn0.35O11.83 is in fact a Bi rich solid solution whose tetrag-
nal structure is similar to that of �-Bi2O3 (ref. JCPDS 78-1793)
onsidered by most of the authors as a metastable phase.21,22

he formula can also be written considering an interstitial solid
olution: Bi2−uZnu/2O3−u/2 with u = 0.0875.

The XRD spectra obtained on Bi2O3 doped ZnO nanopow-
ers at different compositions (see Fig. 7) show that diffraction
eaks are shifted to the high angles when the Bi concentra-

ion increases. Fig. 8 is a detailed view of the spectra obtained
n 12 wt% Bi2O3 doped ZnO target and on the nanopowder
btained from this target by the SPVD process (its composition
as been determined by X-ray Fluorescence to be in average
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Fig. 7. XRD spectrum obtained at different Bi content in ZnO nanopow

8 wt% Bi2O3). Fig. 9 shows that the dependency of the final
omposition cf (in wt% Bi2O3) varies linearly with the initial
omposition ci (in wt% Bi2O3) following a law which can be
ritten: cf = 1.5ci. The parameter x has also been reported in

able 1 (x is obtained writing the oxide mixtures of Bi2O3 and
nO as a fictive solid solution Zn1−xBixO).

As seen in Table 1 and Fig. 9, the nanopowders are more Bi
ich than the targets.

t
d
Z
l

able 1
omposition of the nanopowders as a function of the composition of the targets used

n atomic fraction)

i2O3 content of
argets (wt%)

Bi average content of
targets (x in Zn1−xBixO)

Bi2
nan

1.5 0.00352 3.
5 0.01805 6.
0 0.0373 18.
0 0.0803 30.
0 0.1302 44.
(the noted composition refers to the initial composition of the target).

The parameters a or b and c, as well as the cell volume, com-
uted from the XRD spectra (such as those shown in Fig. 7) have
een reported in Fig. 10a–c. The parameters a or b are practically
nchanged while the c parameter is practically independent on

he Bi content and is strongly lowered compared to the literature
ata for pure ZnO, to annealed ZnO powders and to the pure
nO nanopowders. As a consequence, the cell volume is also

owered.

in the SPVD process (average values have been reported both in weight % and

O3 average content of
opowders (wt%)

Bi average content of
nanopowders (x in Zn1−xBixO)

518 0.01257
656 0.0243
47 0.07332
613 0.13352
437 0.21834
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Fig. 8. (a) XRD spectra of a 12 wt% Bi2O3 doped ZnO before and after SPVD. The
2θ = 28◦.

Fig. 9. Average Bi2O3 content of nanopowders prepared by SPVD as a function
of the target Bi2O3 average content (wt%).
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indices a–d in the diagram indicate the various phases. (b) Zoom of a around

The grain size of the Zn1−yBiyO majority phase has been
educed from the XRD diagrams following the procedure
escribed in Section 2.2. The results obtained on peaks 1 0 0,
0 2 and 1 0 1 are reported in Fig. 11. As seen in this figure, the
grain size” of the solid solution Zn1−yBiyO is decreasing when
he Bi2O3 content of the targets is increasing. The grain size
epends on the crystallographic orientation: monocrystalline
rains are elongated along the c-axis. This anisotropy of shape
eems to be less important at high bismuth content. Transmission
lectron Microscopy observations and HRTEM are in agree-
ent with the XRD analysis: many whiskers appear in undoped

nd slightly doped nanopowders prepared by SPVD; increasing
he bismuth content, the morphology changes from whiskers to

ore compact shapes (see Figs. 12–14).

.3. Electrical properties

One of the aims of this study was to prepare Bi doped ZnO
anomaterials and to investigate their electrical properties. Two

inds of samples were prepared:

Pellets of 13 mm in diameter of 23 wt% Bi2O3 doped ZnO
nanopowders (obtained from a 15 wt% Bi2O3 doped ZnO
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Fig. 10. (a) a parameter variation of the solid solution Zn1−xBixO in the
nanopowders as a function of Bi2O3 total content of the target. (b) c param-
eter variation of the solid solution Zn1−xBixO in the nanopowders as a function
of Bi2O3 total content of the target. (c) Volume of the unit cell of Zn1−xBixO as
a function of the Bi2O3 content of the target.
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ig. 11. Influence of bismuth oxide content of the targets on the grain size of
he nanopowders.

target), pressed at 75 MPa and annealed at 700 ◦C in air for
2 h. The density of the sample after sintering was 5.8 (mea-
sured by Archimede method and estimated to be 97.7% of
the theoretical density). Sintering of 23 wt% Bi2O3 doped
ZnO nanopowders at 800 ◦C under air during 2 h lead to the
apparition of a phase (Bi1−zZnz)2O3 very close to �-Bi2O3
(monoclinic, JCPDS no. 71-2274) beside the solid solution
Zn1−y′Biy′O.
The Bi38ZnO58+δ compound has been synthesized to know
more about its structure and properties, specially electrical
properties (see Section 3.3). The preparation of the phase
Bi38ZnO58+δ was carried out by mixing 1 mole ZnO with
19 moles of Bi2O3. The powder mixture was compacted at
200 MPa, sintered at 700 ◦C during 12 h and annealed again
at 730 ◦C during 5 h under air to obtain a pellet of density

around 83%.

XRD analysis indicates (see Fig. 15) that only this phase
ppears.

ig. 12. TEM images of nanopowders prepared by the SPVD method at air
ressure P = 15 Torr for 5 wt% Bi2O3 in ZnO targets.
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Fig. 13. (a) TEM images of nanopowders prepared by SPVD at air pressure P = 20 Torr for 10 wt% Bi2O3 doped ZnO targets. (b) HRTEM images nanopowders
prepared by SPVD at air pressure P = 20 Torr for 10 wt% Bi2O3 doped ZnO targets.
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ig. 14. (a) TEM images of nanopowders prepared by SPVD at air pressure
anopowders prepared by SPVD at air pressure P = 20 Torr for 20 wt% Bi2O3 d

The electrical conductivity determined by impedance spec-
roscopy is reported in Fig. 16 both with measurements
erformed on Gd doped Ceria (10 mol% Gd2O3) for compar-
son.
The Bi38ZnO58+δ cubic phase is more than four orders
f magnitude less conductive than Gd doped ceria, but the
anocomposite obtained from the ZnO + 23 wt% Bi2O3 mixture,
s more than one order of magnitude higher.

t
p

Fig. 15. XRD spectra of Bi38ZnO58+δ phase showing
0 Torr for 20 wt% Bi2O3 doped ZnO targets. (b and c) HRTEM images of
ZnO targets.

. Discussion

.1. Interpretation of the observations on undoped ZnO
anopowders
It is striking in Fig. 4 to see that the “grain size” increases
ogether with the shape anisotropy of the “grains”. The lattice
arameter c and the cell volume increase in the same way (see

the absence of isolated ZnO or Bi2O3 phases.
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Fig. 17. (a) Lattice a parameter variation of ZnO nanopowders as a function of
the air pressure inside the solar reactor; right side, reference data. (b) Lattice
ig. 16. Arrhenius plot of electrical conductivity of nanomaterials:
nO + 23 wt% Bi2O3 and Bi38ZnO58+δ synthesized phase are compared to Gd
oped CeO2, and Bi2O3 �, � and � phases.

ig. 17b and c). An interpretation of these observations seems to
e difficult, three possibilities have been nevertheless examined:

A departure from stoichiometry change with the air pressure.
An anisotropic stress effect of surface tension linked to the
grain shape.
A substructure effect linked to the anisotropic growth of
nanoparticles.

The change in stoichiometry expected from a difference in
xygen partial pressure of about 20 Torr (5–100 Torr air pres-
ure) is not enough large to explain the lattice parameters
hanges observed.

Anisotropic stresses induced by the surface tension and the
rain shape (assumed to be a cylinder in average) could be
uch that the grain would be in tension along the c-axis, that
tresses increasing with the shape anisotropy, the radial stresses
emaining practically unchanged.

The anisotropic shape of grains is an experimental evidence.
t implies a particle growth mechanism in which defects formed
n the basal planes: dislocations loops, twins . . . play an impor-
ant role. The substructure formed can induce strains changing
he average distance between planes in the �c direction, this effect
eing more important when the nanoparticles are whiskers. TEM
bservations showing that the whiskers are often slightly twisted
see Fig. 5) and their length is larger than the average “grain size”
in fact the substructure size) determined by XRD, are arguments
upporting such a hypothesis.

.2. Effect of Bi additions on the ZnO lattice in the
anopowders and nanocomposites
Additions of Bi have a strong and clear effect on the lattice
ell of the solid solution Zn1−yBiyO which is the majority phase
f the nanopowders.

c parameter variation of ZnO nanopowders as a function of the air pressure
inside the solar reactor; right side, reference data. (c) Unit cell volume of ZnO
nanopowders as a function of the air pressure during the SPVD preparation
process; comparison to reference data (values on the right side).
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Similarly to pure ZnO nanopowders behaviour (in that case
he varying parameter was the oxygen partial pressure) the

parameter alone is affected, a or b parameters remaining
ractically constant while the composition changes. This last
bservation is probably due to the fact that the Bi content in the
olid solution remains constant, i.e. the solubility limit has been
eached.

The influence of Bi additions on the c parameter and on the
rain size and shape anisotropy is the reverse of that of PO2 on
ure ZnO nanopowders: the grain size decreases for high Bi con-
ent and the anisotropy decreases. These results seem to show
hat the grains are in compression along the c-axis. That could
e due to the fact that the secondary phase precipitate mainly
n the basal planes. That is supported by Fig. 14a, correspond-
ng to a nanopowder with a high Bi2O3 content, showing many
recipitates with a six-fold symmetry axis perpendicular to the
lm.

The solid solution (Bi1−zZnz)2O3 seen in the nanocomposites
btained by sintering Bi doped nanopowders, appears in the
hase diagram below 710 ◦C (see Fig. A1), the peaks of this
hase are no significantly shifted compared to pure �-Bi2O3
see Fig. 18). That could indicate the zinc atoms are in interstitial
ites. This is supported by the large difference in the ionic radius
f Bi3+ (1.20 Å) and Zn2+ (0.74 Å). Another possibility would
e that any zinc atom is dissolved in �-Bi2O3 but that would not
e in agreement with the phase diagram (see Fig. A1).

.3. Phase stability and thermokinetic effects

It has been seen in targets that, beside the solid solution
n1−xBixO, appears the Bi38ZnO58+δ phase which can be writ-

en also (Bi1−0.025Zn0.025)2O3−0.1 and is close to the �-Bi2O3
ubic phase. In the nanopowders this phase does not appear, but
nother phase Bi2−uZnu/2O3−u/2 with u = 0.0875, close to the
-Bi2O3 tetragonal phase, is found (see Fig. 8a and b). The

-Bi2O3 phase is not represented in the phase diagram (see
ig. A1), it is not considered generally as stable.

It has been noted that the nanopowders, prepared by SPVD
rom mixtures of Bi2O3 and ZnO, contain two phases (see Sec-

ig. 18. XRD spectra of sintered nanopowders at 800 ◦C during 2 h in air.
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ion 3.2.2), and that the nanopowders are more Bi rich than the
argets. This last result is due to thermokinetic effects and due
o the difference between the metallic vapor pressures of the
wo oxides under air when the oxides sublimate (see Fig. A2).
ndeed, literature data on the system ZnO–Bi2O3 have been used
o compute the vapor pressures of Zn and Bi as a function of the
xygen partial pressure, the diagram of Fig. A2, shows that,
hile ZnO is more stable than Bi2O3, the Bi pressure under
O2 = 0.21 atm (1 atm air) is slightly higher than the Zn pressure.

.4. Electrical properties

It has been seen that the conductivity of the nanocomposite
btained from the ZnO + 23 wt% Bi2O3 nanopowders, is more
han one order of magnitude higher than Gd doped ceria.

These nanocomposites are made of two solid solutions: one
nO rich and the other �-Bi2O3 rich. In Fig. 16 the electrical
onductivity of the �-Bi2O3 phase has been also plotted, it is
bout three orders of magnitude smaller than the nanocomposite
ne. A possible explanation of these observations is a composite
ffect37,38: the internal stresses induced by the Bi rich minority
hase increase the concentration and the mobility of the points
efects responsible for the ionic conductivity.

. Conclusion

Nanopowders of pure and Bi doped ZnO have been prepared
y an original method (SPVD) and their nanostructure charac-
erized by XRD and HRTEM. The Bi doped ZnO nanopowders
ppear to be formed of two compounds in which cations are in
olid solution: Zn1−yBiyO close to ZnO and Bi7.65Zn0.35O11.83
lose to �-Bi2O3. The sintering of the nanopowders, producing

massive nanomaterial, leads to a phase change: a com-
ound (Bi1−zZnz)2O3, close to �-Bi2O3, appears in place of
i7.65Zn0.35O11.83 close to �-Bi2O3.

The nanocomposites obtained from ZnO and Bi2O3 mix-
ures appear to be promising materials for applications such as
reparing a new solid electrolyte for SOFC. Nevertheless, new
nvestigations are needed.
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ppendix A

.1. Thermodynamics of the system ZnO–Bi2O3

.1.1. Phase diagram
Fig. A1 shows a phase diagram of the system ZnO–Bi2O3

uilt using data from the literature.23–26

It can be noted that the solubility limit of Bi2O3 in ZnO

s 0.24 mol% or higher at eutectic temperature23 and the solid
olubility of ZnO in Bi2O3 occurs24 at 2.2 mol% near 750 ◦C.

Up to these compositions, it appears the phase
24Bi2O3·ZnO” and “Bi38ZnO58” in the Bi2O3 rich side.
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Fig. A1. Binary phase diagram ZnO–Bi2O3.23–26
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ig. A2. Arrhenius diagram of metal and oxygen pressure of ZnO and Bi2O3 at
issociation equilibrium and under 1 atm air.

t is probably the same phase with different departures
rom stoichiometry and the general formula can be written:
Bi1−xZnx)2O3+δ, similar to the �-Bi2O3 compound.

The metal and oxygen pressures have also been computed at
quilibrium (dissociation pressures) and in air using thermody-
amic data.27 The resulting diagram is shown in Fig. A2.
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poudres nanométriques d’oxyde de zinc. Leban. Sci. Res. Rep., 1998, 3(4),
47–52.

0. Rouanet, A., Sibieude, F. and Monty, C., Production of nanomaterials using
highly concentrated solar radiations. J. Phys. IV Fr., 1999, 9(pr3), 457–462.

1. Onreabroy, W., Sirikulrat, N., Brown, A. P., Hammond, C. and Milne, S. J.,
Properties and intergranular phase analysis of ZnO–CoO–Bi2O3 varistor.
Solid State Ionics, 2006, 177, 411–420.

2. Medernach, J. W. and Snyder, R. L., Powder diffraction patterns and struc-
tures of the bismuth oxides. J. Am. Ceram. Soc., 1978, 61(11–12), 494–497.

3. Hwang, J.-H., Mason, T. O. and Dravid, V. P., Microanalytical determination
of ZnO solidus and liquidus boundaries in the ZnO–Bi2O3 system. J. Am.
Ceram. Soc., 1994, 77(6), 1499–1504.
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