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Investigation on crystalline phases and
mechanical properties of TZP ceramics prepared
from sol-gel powders
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Y,0;-stabilized tetragonal zirconia polycrystalline (TZP) ceramics containing 1-5mol % Y,0;

were prepared by hot pressing and pressureless sintering of sol—gel-derived powders. Sintered
ceramics were evaluated for their density, grain and crystallite size, width of transformation zone,
crystalline phases and mechanical properties. Variation in the values of fracture toughness and
flexural strength has been explained on the basis of crystallite size and proportion of transformable
tetragonal phase, which are influenced by the concentration of Y,0; in TZP ceramics. Correlation
of the data has indicated that the transformable tetragonal phase is the key factor in controlling the

fracture toughness and strength of ceramics.

1. Introduction

Yttria-stabilized tetragonal zirconia polycrystalline
(TZP) ceramics, containing metastable tetragonal
phase at room temperature, undergo martensitic
phase transformation from tetragonal to monoclinic
(t - m) phase under the influence of stress. These
ceramics exhibit high toughness and high strength
due to the release of strain energy stored around
a propagating crack tip [1-3]. The phase transforma-
tion and associated enhancement in toughness and
strength of TZP ceramics have been extensively in-
vestigated, and variations in mechanical properties
have been correlated with composition, transformabil-
ity of the tetragonal phase, size of transformation zone
and microstructure [4-20]. It has been recognised
that transformability of tetragonal phase is the para-
mount important parameter in determining the mech-
anical performance of TZP ceramics [21, 22]. It has
also been reported that the stability of tetragonal
phase in ZrO, particles is dependent on the crystallite
size [23-25]. In such studies, the development of sev-
eral different kinds of tetragonal phase has also been
disclosed, indicating the influence of crystallite size on
transformation nucleation and autocatalytic trans-
formation [2, 6, 17, 26-32]. However, the influence of
crystallite size in determining the transformability of
tetragonal phase in TZP ceramics has not been ad-
equately investigated. Efforts have been made in this
respect in our earlier investigation, in which it was
observed that variation in crystallite size influences
the proportion of tetragonal phase in ultrafine and
chemically homogeneous TZP powders prepared by
sol-gel route [31]. The objective of the present paper
is to investigate the influence of crystallite size on
transformability of the tetragonal phase in relation to
mechanical properties of TZP ceramics prepared from
the sol-gel powders.
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2. Experimental procedure

Powders of ZrO, containing 1, 2, 3,4 and 5 mol %
Y,0; (referred to as 1Y, 2Y, 3Y, 4Y and 5Y TZP ma-
terials, respectively) were prepared by the sol-gel tech-
nique. The method of preparation and characteristics
of the powders have been described elsewhere [31].
As-prepared powders were decomposed at 200 °C into
their constituent oxides and further calcined at 500 °C
for 2h in order to facilitate the formation of well-
defined crystalline phases. Powders calcined at 500 °C
were milled by a specialized communition process
to remove agglomeration, and then consolidated to
sintered ceramics by cold isostatic pressing at
100 MPa, followed by pressureless sintering at
1700 °C for 2 h. These powders were also hot pressed
at 1500°C for 2 h at a pressure of 25 MPa in vacuum
using a graphite die.

Sintered density, as determined by the Archimedes
principle, was > 98% theo. for pressureless-sintered
and > 99% theo. for hot-pressed ceramics. Grain size
was measured by the linear intercept method [33]
using SEM photomicrographs obtained from the
polished and etched surfaces of the sintered bodies.
Sintered specimens were cut into bars of 2.5 x 3.5 x
20 mm?® which were then polished to a 6-um finish
using diamond paste for the evaluation of mechanical
properties. Fracture toughness was determined by the
microindentation technique (load = 10 kg) [34], and
flexural strength values were measured by a three-
point-bend test with a span width of 20 mm at a cross-
head speed of 0.5 mmmin~* [2, 21].

X-ray diffraction (XRD) techniques were used to
determine the crystallite size, compositional fluctu-
ations, width of the transformation zone and percent-
age of monoclinic, tetragonal and cubic phases in the
sintered materials. In order to avoid peak splitting at
high-order reflections, the CuK, component of Cuk,
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radiation was used in the present investigation. Crys-
tallite size was calculated using the (111), and (111),
diffraction peaks from the Scherrer formula [35] as
shown below

09
" Bcos®

where D is the crystallite size in nm, A is the radiation
wave length (0.1541 nm for CuK, ), B is the corrected
line width at half-peak intensity, and 0 is the diffrac-
tion peak angle. The diffraction peaks in the range
20 = 72--76° were used to distinguish between the
tetragonal and cubic forms.

Compositional fluctuation in the sintered ceramics
was examined using a Williamson—Hall plot based on
the following equation [24, 36, 37].

BcosO/A = 1/D + msinb/r 2)

where 1 is the lattice strain f, 6, D and A are the same
as mentioned in Equation 1.

The volume fraction of the monoclinic (V4,), trans-
formable tetragonal (¥};), non-transformable tetra-
gonal (¥,.) and cubic (V,) phases present in the sintered
ceramics were determined from Equations 3-7 using
the intensities of the diffraction patterns from the
t(111), c(111), m(111), m(111), ¢(400), :(004),
£'(400), t'(004) and ¢4 00) reflections [21, 38, 39].
For compositions containing (m + t) phases:

Vo = Un(11) + Ln(111)/[n(111)
+ I,(11) + L(111)] 3)
Vo= (1~ V) @

(1)

For compositions containing (¢ + ¢’ + ¢) phases:
V, = [1.(400)]/[1(400) + I,(004) + I.(400)
+ 1,{400) + I.(004)] (%)
V, = [1(400) + I,(004)]/[1.(400) + 1,(400)
+ 1,(004) + I,(400) + I.(004)] (6)
Ve = 1 =Ve—- W) ™

I, 1, I-and I, are the intensities of monoclinic, trans-
formable tetragonal, non-transformable tetragonal
and cubic reflections, respectively.

The width of the transformation zone (d) of the
fracture surface of the sintered ceramics was deter-
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Figure 1 Williamson-Hall plot for {a) hot-pressed and (b) pres-
sureless sintered 3Y-TZP ceramics.
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mined by examining the bending-test piece using XRD
[40, 41]. The following equation was used

_ s (7o
Y

where f is the fraction of transformable tetragonal
phase in the sintered material, x the fraction of mono-
clinic phase on the fracture surface, 0 the diffraction
angle (6 = 15°), and u the linear absorption coefficient
of the bulk material. In this case, the value of u was
taken as 652.2 cm ™!, as reported in the literature [21].

3. Results and discussion
3.1. Compositional homogeneity and phase
analysis
Variation of fcos®/A as a function of sinf/A
(Williamson—Hall plot) based on the XRD data of
sintered 3Y-TZP ceramics is shown in Fig. 1. The
slope of the linear curves of the figure is zero (being
parallel to the x axis), which indicates that there is no
lattice strain (n) in the material according to Equa-
tion 2. The compositional fluctuation in TZP solid
solution would otherwise have resulted in continuous
lattice parameter change, causing lattice strains in the
ceramics. The value of lattice strain being zero (Fig. 1)
confirms that there is no compositional fluctuation
and the material is chemically homogeneous.

Fig. 2 shows the XRD profiles of the {111}, {200}
and {4 00} reflections in the sintered ceramics taken at
room temperature. XRD patterns of 1Y, 2Y and 3Y
ceramics are composed of reflections corresponding
to monoclinic and tetragonal phases. The intensity of
monoclinic peaks decreases and that of tetragonal
peaks increases with increasing Y,O3 content, where-
as XRD patterns of 4Y and 5Y ceramics consist of
cubic and tetragonal peaks. The axial (¢/a) ratio of the
unit cell calculated on the basis of tetragonal reflec-
tions was found to be 1.016. These peaks therefore
correspond to those of the equilibrium or transform-
able tetragonal (t) phase. In addition, there are two
extra peaks suffixed with t’ in the 26 range between 73°
and 75°. These peaks correspond to another tetra-
gonal phase known as the non-transformable tetra-
gonal phase [28, 37, 42-44]. The t’ phase is clearly
distinguishable from the equilibrium tetragonal (t)
phase in the diffraction pattern (Fig. 2). Assuming that
the a-axis of the t’-phase has almost the same length as
the cubic phase, its axial ratio is determined to be
1.006. Peak intensities of the cubic and t’ phases in-
crease, whereas those of the t phase decrease with the
increase in Y,O3 content of the ceramics. The reduc-
tion in ¢/a ratio, taking place due to addition of Y,Oj,
also favours the formation of cubic phase as observed
in case of 4Y and 5Y ceramics. Similar XRD patterns
were also obtained for the corresponding hot-pressed
ceramics.

Proportions of m, t, t' and ¢ phases present in the
sintered ceramics are shown in Fig. 3. With increasing
Y,O; content in the ceramics, the percentage of
m-phase decreases approximately linearly, whereas t-
phase increases initially and attains maximum value at
3 mol % Y,0;. Increase in the content of Y,O, bey-
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Figure 2 XRD patterns of pressureless sintered Y-TZP ceramics.

ond 3 mol % results in the formation of t’ and cubic  portions of t-phase varies with the crystallite size and
phases, and the proportions of t’ and ¢ phases increase  attains maximum value at a particular crystallite size
with increasing amount of Y,0;. The content of  which has been found to be lower ( ~25 nm) in hot-
t phase in hot-pressed ceramics is greater compared to ~ pressed ceramics than to that (~28 nm) of pres-
that of pressurcless sintered material. However, the  sureless sintered materials. These values of crystallite
trend of variation of crystalline phases in hot-pressed  size are in good agreement with the critical size cal-
and pressureless sintered ceramics is similar. culated by Garvie [23] for stabilizing the tetragonal

The crystallite size dependence of the transformable  phase in TZP powders. Smaller crystallites ( <25 nm)
tetragonal (t) phase is similar in both hot-pressed and  do not transform and remain as non-transformable
pressureless sintered ceramics, as shown in Fig, 4. Pro-  tetragonal phase, whereas larger crystallites (> 25 nm)
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Figure 3 Variation of crystalline phases with Y,O; content in TZP
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Figure 4 Variation of transformable tetragonal phase (V;) with
crystallite size in TZP ceramics. O, Hot-pressed; @, pressureless
sintered.

transform spontaneously to the monoclinic phase
while cooling from the sintering temperature, thereby
reducing the proportion of t-phase in the ceramics.
Thus when the size of tetragonal crystallites reaches
a value close to the critical crystallite size (~ 30 nm)
determined by Garvie [23], formation of the mono-
clinic phase takes place. In this case, growth of crystal-
lites beyond the critical limit appears to trigger the
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transformation, probably due to the unavailability of
adequate active nucleation sites, or to a decrease in
surface area favouring t — m phase transformation
[29, 30, 45].

Variation of grain size and crystallite size as a func-
tion of Y,O, content in the sintered ceramics is shown
in Fig, 5. Crystallite size decreases sharply with the
increase in Y,0; content and the critical crystallite
size (25-28 nm) is obtained with the addition of
3 mol % Y,0,, whereas there is no significant change
in the grain size. Crystallites and grains in hot-pressed
ceramics are slightly smaller, which is believed to be
due to differences in the constraint present in hot-
pressed and pressureless sintered ceramics [13]. Thus
with the addition of 3 mol % Y,O,, the tetragonal
particles reach a value close to the critical crystallite
size in the material at which the transformable tetra-
gonal (t) phase is maximum (Fig. 3).

3.2. Mechanical properties

Variation of fracture toughness (K;c) and flexural
strength (o;) as a function of the transformable tetra-
gonal (V,) phase of sintered ceramics is shown in
Fig. 6. Values of K¢ and o increase with an increase
in ¥, in both hot-pressed and pressureless sintered
ceramics. The relationship between fracture toughness
and transformation zone size (V;d*/*) of sintered cer-
amics is shown in Fig. 7. Fracture toughness increases
linearly with the increase in transformation zone size.
The linear relationship shown in Fig. 7 is consistent
with the theoretical predictions of McMeeking &
Evans and of Lambropoulos [46, 47], and indicates
that the theoretical approach is actually applicable to
the fracture behaviour of TZP ceramics. In view of
these results, it is emphasized that transformability of
tetragonal crystallites must be taken into account to
understand the mechanism of stress-induced trans-
formation in TZP ceramics. Thus the volume fraction
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Figure 5 Variation of crystallite and grain size with Y,O, content in
TZP ceramics. (~—~) Hot-pressed; (——) pressureless sintered.
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Figure 6 Variation of flexural strength (o) and fracture toughness
(K\c) with transformable tetragonal phase (¥;) in TZP ceramics.
(——-) Hot-pressed; (——) pressureless sintered.
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Figure 7 Variation of fracture toughness (K,c) with transformation
zone size (V;d'/?) in TZP ceramics.

of the transformable tetragonal phase (V}) calculated
from the XRD data (Fig. 3) is another important fac-
tor in evaluating the transformation toughening
behaviour of TZP ceramics, and can be observed ex-
perimentally by determining the volume fraction of
transformable tetragonal phase in the sintered
ceramics.

Fig. 8 shows crystallite size dependence of the frac-
ture toughness and flexural strength of the sintered
ceramics. Trends of variation in K¢ and o; match
with the variation of transformable tetragonal phase
shown in Fig. 4. The presence of larger as well as
smaller crystallites than the critical size in the material
has a negative effect on toughness and strength, as
a consequence of the reduced amount of transform-
able tetragonal phase (Fig. 4) in TZP ceramics. The
optimum crystallite size exhibiting peak values of
Kic and o; has been found to be ~25nm and
~28 nm for hot-pressed and pressureless sintered cer-
amics, respectively. Thus there is a critical crystallite
size at which transformable tetragonal phase and con-
sequently toughness and strength are maximum.

Dependence of fracture toughness (K c) and flexural
strength (o) on the concentration of Y,0; in the
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Figure 8 Variation of flexural strength (o) and fracture toughness
{Kic) with crystallite size of TZP ceramics. (——-) Hot-pressed;
( ) pressureless sintered.
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Figure 9 Variation of flexural strength (o) and fracture toughness
(Kic) as a function of composition of TZP ceramics. (———)
Hot-pressed; (——) pressureless sintered.

sintered ceramics is shown in Fig. 9. Fracture tough-
ness and strength increase initially with the increase in
Y,0; concentration and show a peak at 3 mol %
Y,0;. Increase in Y,O3 content beyond 3 mol % de-
creases the values of K¢ and o;. Hot-pressed ceramics
exhibit higher values of K¢ and o; in comparison to
those obtained by pressureless sintering. The variation
of Kic and o; shown in Fig. 9 can be correlated with
the relationship shown in Figs 3-5 and Fig. 8. The
increase in the values of K and o, with Y, 05 content
can be attributed to the increase in the amount of ¥,
as has been observed in Fig. 6. Addition of Y,0; in
TZP ceramics decreases the crystallite size linearly,
and critical crystallite size (25--28 nm) is obtained at
3mol % (Fig. 5) at which the transformable t-phase
(V) is maximum (Fig. 4), giving rise to maxima in the
values of K¢ and o (Fig. 8). Increase in Y,O; content
beyond 3 mol % decreases the proportion of t-phase
in the ceramics (Fig. 3) due to the decrease in crystal-
lite size (below the critical size), and therefore lowers
the values of K¢ and o; of ceramics.
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4. Conclusions

Chemically homogeneous TZP ceramics composed of
monoclinic transformable and non-transformable tet-
ragonal as well as cubic phases were obtained by hot
pressing and pressureless sintering of sol-gel derived
powders. Addition of Y,0; in TZP ceramics reduces
crystallite size and considerably influences the propor-
tion of crystalline phases.

The volume fraction of the transformable tetra-
gonal phase is dependent on the crystallite size and
attains maximum value in ceramics having a crystal-
lite size in the range 25-28 nm. Fracture toughness
and strength increase with the content of transform-
able tetragonal phase, and achieve a maximum value
in ceramics containing 3 mol % Y,O;. The expected
linear relationship between the fracture toughness and
transformation zone size was observed.
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