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Abstract

Nanocrystalline yttria stabilized tetragonal zirconia polycrystal (NC–Y–TZP) powders were coated with a sodium strontium
silicate glass using the sol-gel technique. The compact powders were sintered at 1400�C for 1 h resulting in dense nanocrystalline
pellets with 5, 10 and 15 vol.% glass. Short pre-sintering heat treatment at 800�C caused the full stabilization of the tetragonal
phase while long treatments led to the devitrification of the glassy phase. The mean grain size decreased from 196 nm in the glass-

free specimen to 140, 110 and 100 nm in the specimens containing 5, 10 and 15 vol.% glass, respectively. The grain size distribution
width also decreased with increase in the glass content. TEM revealed the morphological changes of the highly facetted polyhedral
grains in the glass-free specimens into the round-shape grains with increase in the glass content. The effect of the glass on the phase

formation, densification and microstructure have been discussed. # 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Yttria-stabilized tetragonal zirconia polycrystals (Y–
TZP) is among the high strength ceramics used for
structural components. It has been demonstrated that
submicron grained Y–TZP can be deformed super-
plastically at temperatures around 1300�C.1�3 The
underlying mechanical phenomenon of superplastic
forming in the nanocrystalline (NC) ceramics has shown
a new direction of joining ceramic bodies at relatively
low temperatures.4,5 The microstructural parameters
such as fine grain size and grain boundary composition
are considered to enhance the superplastic deformation
behavior. Apparently, the extensive ductility of the Y–
TZP ceramics is a consequence of their grain size stabi-
lity during the high temperature deformation. In impure
ceramics high creep deformations may be achieved by
viscous flow of the grain boundary (gb) glassy phases.6,7

This was the original motivation for introducing a

glassy phase into the ceramics in a controlled man-
ner8�16 in order to benefit from their enhanced flow
properties.
Even though the grain size refinement was found to

lower the superplastic forming temperature and stress, or
increase the strain rate, the nanocrystalline ceramics were
not found to exhibit the expected improvement of several
orders of magnitude in the strain rate.17�19 However, the
high volume fraction of the grain boundaries in the
nanostructured ceramics wetted by the grain boundary
glassy phase may improve the superplastic forming abil-
ity of the nanostructured ceramic body.20 Nevertheless,
the final sintered microstructure and the grain boundary
glassy phase distribution have significant effects on the
plastic behavior and thus should be characterized.
Incorporation of the glassy phase into the grain

boundaries may be performed by coating the powder
particles with the glass through the sol-gel technique.21,22

Assuming a coating thickness of 1 nm on an initial par-
ticle with 20 nm in diameter, the estimated volume frac-
tion of the glass is about 10%.23 Thus 5, 10 and 15 vol.%
glass contents were applied in the present nanocrsyatlline
powders. The microstructural modification of the NC–
Y–TZP grains with respect to the presence of the grain
boundary glassy phase were investigated and the effect
of the glass on the densification behavior is reported.
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2. Experimental procedures

Commercial nanocrystalline Y–TZP powder (Tioxide)
was used as the core material in this study. This powder
was coated by the strontium sodium silicate glass
through the sol-gel method. An ethanol–water solution
corresponding to an initial composition (mol%) of 80%
SiO2–15% Na2O–5% SrO (SNS) was prepared by dis-
solving silicon tetrachloride (SiCl4) in ethanol and
sodium nitrate (NaNO3) and strontium nitrate Sr(NO3)2
in water. However, the sodium content of the resultant
precipitate was found by chemical wet analysis to devi-
ate strongly from the nominal composition. The final
composition of the glass was found as 93% SiO2–6%
SrO–1% Na2O. Appropriate amounts of this solution
were added to the dispersion of the nanocrystalline Y–
TZP powder in distilled water in order to reach the glass
concentrations of 5, 10 and 15 vol.%. The dispersion of
the NC–Y–TZP within the glass solutions were ultra-
sonically mixed for 10 min. Deposition of the glass took
place by adding diluted ammonium hydroxide into the
solution. The resultant slurry was stirred using a mag-
netic stirrer and simultaneously heated for a period of
12 h to dryness. Then the powder was gently ground in
an agate mortar and annealed at 600�C for 1 h.
The uncoated and the glass-coated NC–Y–TZP pow-

ders were compacted into cylinderical pellets of 15
mm�15 mm, uniaxially pressed at 20 MPa, followed by
cold isostatic pressing at 250 MPa. The relative green
density was measured through weighing to be �55%. The
compacts were fired at 800�C for 3 h and sintered at
1400�C for 1 h. The pre-sintering heat treatment was per-
formed to form fully tetragonal phase in the glass-doped
specimens. The density of the sintered compacts were
measured by the Archimedes technique; the density of the
glass was taken into account while determining the the-
oretical density of each specimen. The phase content
was determined using X-ray diffractometer (PW-3020)
equipped with copper Ka radiation. The microstructure
was studied using SEM (XL30) and TEM (2000FX)
combined with X-ray energy dispersive spectroscopy
(EDS). The sintered specimens were polished and ther-
mally etched for SEM observations. The TEM speci-
mens were prepared by the conventional techniques.
The morphology of the NC–Y–TZP powder particles
coated with the glass was also observed in TEM by dis-
persing the powder onto a carbon coated copper grid.

3. Results

The as-received nanocrystalline powder was com-
posed of elongated polyhedron-shaped crystallites
(Fig. 1a). The two perpendicular diameters (C and A) in
TEM images were used to establish the normal crystal-
lite (particle) size distribution in this powder (Fig. 1b);

the mean particle sizes (diameter) in each direction were
73 and 50 nm, respectively. The aspect ratio (C/A) of
the crystallites varied in the range of 1.4–1.7. X-ray dif-
fraction spectrum of the powder (Fig. 2a) exhibited
mainly monoclinic phase peaks with a few percent of the
tetragonal phase. This finding is in agreement with the
powder character that is a mechanical mixture of pure
nanocrystalline monoclinic zirconia and cubic yttria.
TEM image of the NC–Y–TZP particles coated with

10 vol.% SNS glass (i.e. Fig. 3a) and annealed at 600�C
exhibited a uniform coating of the glass over the particle
surfaces. The thickness of the glassy layer was fairly
homogeneous over the praticles but varied between 3
and 6 nm in different particles. The distribution of the
glass was not uniform in the powders coated with 5 and
15 vol.% SNS glass; some uncoated particles as well as
glass pockets were observed along with the NC–Y–TZP
particles (Fig. 3b). Tilting experiments in TEM con-
firmed the amorphous nature of the coating layer and
the glass pockets. The coating process followed by the
annealing heat treatment at 600�C did not change the
phase content of the precursor powder.
Different powder compacts sintered at 1400�C for 1 h

(without the pre-sintering heat treatment) were nearly

Fig. 1. (a) TEM image of the as-received NC zirconia powder. (b)

normal particle size distribution of the longer diameter of the powder

particles.
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fully dense, 98–99% of their theoretical densities
(Table 1). This sintering condition led to full stabiliza-
tion of the tetragonal phase (Fig. 2b) in the glass-free
NC–Y–TZP. At similar sintering conditions, the glass-
containing specimens exhibited a considerable fraction
of the monoclinic phase along with the tetragonal phase
(Figs. 2c, d and e). The monoclinic phase content was
highest in the 10 vol.% glass specimens (Table 1).
However, pre-sintering heat treatment at 800�C for
about 3 h led to the transformation of the monoclinic
phase into the tetragonal symmetry (compare Fig. 2d
and f). Such a heat treatment did not change the amor-
phous nature of the glassy phase. Nevertheless, similar
pre-sintering heat treatment for a prolonged period
(above 10 h) caused the devitrification of the glass into
cristobalite and quartz forms (the inset in Fig. 2).
The effect of the glass content on the microstructure

of the sintered NC–Y–TZP specimens, as well as their
grain size and distribution are shown in Figs. 4 and 5,

respectively. The grain size in the glass-free specimen
varied from 100 to 600 nm (Fig. 4a), with wide log-
normal distribution (Fig. 5a). However, a few larger
grains of about 1 mm were also observed. The overall
microstructure of the NC–Y–TZP specimens was
refined by the presence of the glass as shown in Fig. 4.
Moreover, increase in the volume fraction of the glass
was accompanied by narrowing of the grain size dis-
tribution widths as well as by a decrease in the mean
grain size (Figs. 5b–d) compared to that of the glass-free
specimen. The average grain size decreased from 196 nm
in the glass-free specimen to 140, 110 and 99 nm in the
5, 10 and 15% glass specimens, respectively. However, a
few grains larger than 500 nm were also observed
(Fig. 4c and d) the number of which was found to
increase with the increase in the glass content.
The morphological changes of the NC–Y–TZP parti-

cles in the sintered compacts due to the glass addition
were well resolved in the TEM images shown in Fig. 6. A
gradual modification of the particle shape and the inter-
nal microstructure were observed with the increase in the
volume fraction of the glass. The highly faceted poly-
hedral grains in the glass-free specimens were gradually
converted into round-shaped spherical grains in the
glass-containing specimens, in an increasing manner.
In support of the microstructural observations in the

glass-containing specimens, the EDS microananlysis
revealed the presence of the glass along the grain
boundaries and the grain junctions. The composition of
the glass-coated particles as well as the overall compo-
sition of the sintered specimens are shown in Table 2.
The observed sodium content was below the detection
limit of the technique (0.2%) and thus was neglected.
Silicon and strontium were found in all the glassy-phase
regions. Generally, the glass content on the coated
powder particles was about or below 5 wt.%, regardless
of the composition of the powder specimen. This effect
may be associated with the segregation of the glass to
form glass chunks, the effect of which increased as the
glass content increased. The Y2O3 content in these
powders varied between 2.5 and 4.5 wt.%. This effect
should be attributed to the powder characteristics which
is a mechanical mixture of pure nanocrystalline ZrO2

Fig. 2. X-ray diffraction spectra of (a) NC–Y–TZP powder; (b) glass-

free; (c) 5 vol.% SNS glass; (d) 10 vol.% SNS glass; (e) 15 vol.% SNS

glass compacts sintered at 1400�C for 1 h. (f) 10 Vol.% SNS glass com-

pact presintered at 800�C for 3 h followed by sintering at 1400�C for 1 h.

‘‘c’’ And ‘‘q’’ in the inset refer to cristobalite and quartz, respectively.

Table 1

Characteristics of the NC–Y–TZP specimens sintered at 1400�C for 1 h

Glass

content

(vol.%)

Relative

density

(%)

Theoretical

density

(g/cm3)

Phase

t

Content

(%)a

m

Maximum linear

shrinkage

(%)b

0 98 5.98 100 – 16.25

5 99 5.85 83 17 17.25

10 98 5.65 69 31 16.80

15 99 5.56 74 26 17.47

a t And m refer to tetragonal and monoclinic polymorphs, respec-

tively.
b Up to 1400�C.
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and Y2O3. Thus, the large variation in the Y2O3 com-
position is a manifestation of its partial dissolution,
aided by the glass at 600�C. Nevertheless, the Y2O3

composition in the sintered specimens was higher and
around 4 wt.%, close to the powder designated compo-
sition. In the specimens sintered at 1400�C for 1 h (not
shown in Table 2), the SiO2/SrO ratio varied from 0.15
to 1 inverse to that expected for the glass composition.
It should be noted that the overlap between the weak
Si–K peak and the strong Zr–L peak resulted in under-
estimation of the Si content during the data processing.
However, pre-sintering at 800�C for 3 h prior to the
final sintering at 1400�C for 1 h resulted in higher SiO2/
SrO ratios (2.5–12.6). Apparently, the latter pre-sinter-
ing at elevated temperature enhanced the compositional
homogenization of the glassy phase.

4. Discussion

The tetragonal to monoclinic phase transformation
temperature in the ZrO2–SiO2 binary oxides formed by
the sol-gel technique was found to increase with the
increase in the SiO2 content.

24 This tetragonal stability
in SiO2-rich compositions was related to inhibited dif-
fusion of the Zr through the SiO2 matrix, which in turn
retarded the nucleation and growth of the zirconia
grains. However, using FTIR technique, the tetragonal
stability in ZrO2-rich compositions (>90%) was related
to the formation of strong Si–O–Zr bonds at the ZrO2/

SiO2 interfaces.
25 Nevertheless, these bonds disappeared

above 1000�C. The presence of the SNS glass in the
present powder compacts was found to decrease the
tetragonal phase content after sintering at 1400�C. The
present dilatometric shrinkage data (Table 1) indicated
that densification may be enhanced by the presence of
the glassy phase. On the other hand, finer grains were
resulted in the glass-containing specimens relative to the
glass-free specimens. Therefore, densification is most
probably enhanced at the initial sintering stages by par-
ticle rearrangement aided by the viscous glass, and latter
by limited diffusion through the glass. In this respect, the
glassy layer which surrounds the zirconia particles may
act as a diffusion barrier both for Zr and Y cations,
hence inhibit the grain growth. Uchikoshi et al. 26

reported on hindrance of grain growth but also of den-
sification in Y–TZP doped with SiO2 contents above 0.3
wt.%. Their examinations, however, were limited to the
SiO2 contents of up to 1 wt.% only.
In addition to the low Y2O3 content of the NC–Y–

TZP, some part of the yttria might have dissolved in the
glass, thus decreasing the tetragonal phase stability. The
fraction of the monoclinic phase increased as the glass
content increased from 5 to 10%. However, in the 15%
glass specimen, the monoclinic phase content decreased
again (i.e. lower than that in the 10% glass specimen). This
trend could be understood by refering to the equilibrium
thickness of the grain boundary glassy phase in ceramics.
The thermodynamic trend of the intergranular glassy
phase to adopt an equilibrium thickness was discussed by

Fig. 3. TEM images of the NC–Y–TZP powder coated with (a) 10 vol.% SNS glass, and (b) 5 vol.% SNS glass.

2898 R. Ramamoorthy, R. Chaim / Journal of the European Ceramic Society 21 (2001) 2895–2902



Clarke.27 This leads to an optimum in the volume frac-
tion of the glassy phase for a given grain size in the
nanometer regime, if all the glass should be located at
the grain boundaries. The excess glass, above this
volume fraction, may segregate to form glassy phase
pockets. Such glass pockets are less effective both in
enhancing densification and inducing the constrained
effect as well as affecting the diffusion phenomenon. In
this respect, expulsion of the glassy phase during the
grain growth in liquid phase sintered zirconia ceramics
were reported.28

The relatively constant thickness of the glassy phase
coating on the particle surfaces was indicative for full
wetting of the NC–Y–TZP surfaces at elevated tem-
peratures. Similar SiO2 coatings that were formed on
the Y–TZP powders through the sol-gel technique were
1.6 nm thick and remained amorphous up to 1200�C.29

Full wetting is a characteristic requirement for better
superplastic formability of the dense specimens. How-
ever, Sakuma et al., 13,16,30 reported of the presence of
the amorphous phase at the grain boundary corners but
not at the grain boundary surfaces, in the dense speci-
men. They also found that the Y–TZP grain growth was
inhibited by the presence of the glassy phase in the
temperature range of 1400–1800�C. On the other hand,
segregation of SiO2, even at very low concentrations
(i.e. 120 ppm) into the zirconia grain boundaries in
ZrO2–8 wt.% Y2O3 alloys were reported using SIMS
maps.31 Both the experimental and the calculated ZrO2–
SiO2 phase diagrams exhibit negligible solid solubility
between the two oxides.32 However, using in situ trans-
mission electron microscopy, Ikuhara et al.33 have
shown surface dissolution of the SiO2 in ZrO2 above
1300�C and SiO2 reprecipitation by cooling below
1300�C. Thus, the limited solubility of the SNS glass
and the Y–TZP grains is expected to aid only to a lim-
ited extent the liquid phase sintering, and thereby retard
the grain growth.
The microstructural changes due to the presence of

the glass were well observed in the SEM and TEM
images. The inter-granular glassy phase was represented
by diluteness of the Y–TZP particles and their spherical
shape. It has been clearly shown (Fig. 6) that the extent
of the microstructural changes depended on the volume
fraction of the glass. As the glass content increased from
5% via 10 and 15%, a gradual modification of the par-
ticle shape and distribution was noticed. The facetted,
polyhedral and anisotropically shaped grains in the
glass-free Y–TZP were found to be well contrasted with
round-shape and equiaxed particles in the 5, 10 and
15% glass-containing specimens, in an increasing man-
ner. Thus, physically, the relative amount of the glassy
phase influences the dihedral angle between the grains.
This angle varies from 100–130� in the glass-free speci-
men, whereas it decreases to less than 90� in the 5%
glass specimen and further decreases to zero in the 15%

Fig. 4. SEM images of the NC–Y–TZP specimens sintered at 1400�C

for 1 h: (a) glass-free; (b) 5 vol.% SNS glass; (c) 10 vol.% SNS glass;

(d) 15 vol.% SNS glass.
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glass specimen. This is an indication that the grain
boundaries are completely wetted by the inter-granular
glassy phase.15 del Monte et al.24 related the polyhedral
and ellipsoidal shaped zirconia grains in the ZrO2–SiO2

system to the monoclinic and tetragonal polymorphs,
respectively. This shape change was attributed to the
homogeneous strain induced by the silica matrix on the
tetragonal grains, hence the stability of the tetragonal
phase due to the constrained effects. Similar morpholo-

gical changes were observed by Zhao et al.30 in silica-
doped Y–TZP ceramics.
The glassy phase in the present nanocrystalline cera-

mics acts as an interconnected feature of the micro-
structure. Such a continuous three dimensionally
interconnected second phase can be a short circuit trans-
port path by viscous flow during the plastic deformation
of the polycrystals.30 It is evident that the effectiveness of
the glassy phase in supplying continuous superplastic

Fig. 5. Grain size distribution in the sintered NC–Y–TZP specimens: (a) glass-free; (b) 5 vol.% SNS glass; (c) 10 vol.% SNS glass; (d) 15 vol.% SNS

glass.

Table 2

Composition of the glass-coated NC–Y–TZP powders and dense specimens

Glass content (vol.%) Coated particles (wt.%) Sintered (800+1400�C) (wt.%)

ZrO2 Y2O3 SiO2 SrO ZrO2 Y2O3 SiO2 SrO

0 *a 93.83 6.09 – –

5 91.21 4.43 3.09 1.27 92.56 3.68 2.69 1.07

92.53 2.26 3.88 1.33 93.13 3.85 2.15 0.87

10 95.03 2.49 1.10 1.38 92.52 3.38 3.70 0.40

95.27 2.62 0.89 1.22

15 93.86 3.12 1.80 1.22 90.80 3.61 5.18 0.41

94.86 2.87 0.87 1.40 90.11 3.78 6.11 –

a Mechanical mixture of pure nanocrystalline ZrO2 and Y2O3 powders.
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strains depends also on its rheological properties, and
these deserve further investigation.

5. Conclusions

Sodium strontium silicate glass was coated over the
NC–Y–TZP nanoparticles in three different concentra-
tions by the sol-gel technique. The extent of the micro-
structural changes was dependent on the volume fraction
of the glass. The sintered microstructure of the glass-
doped specimens became finer with increase in the glass
content relative to the glass-free specimen. The glass-free
specimens contained facetted polyhedral grains with a
wide grain size distribution while their glass-doped coun-
terparts composed of rounded grains with narrower grain
size distributions. The observed inhibition of the grain
growth in the glass-doped specimens was related to limited
diffusion of the cations through the grain boundary glassy
phase. The inter-granular glassy phase is well represented
by the narrowness of the grain size distribution and its

spherical shape. The dihedral angle between the zirconia
grains and the glassy phase was below 90� in the 5 vol.%
glass and decreased to zero in the 15 vol.% glass-doped
specimens, compared to 100–130� in the glass-free speci-
mens. This is the clear indication for the complete wetting
of the grain boundaries by the glassy phase.
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