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Abstract: Yttria stabilized zirconia materials are frequently used in mechanical engineering and biomedical
applications. Demanding loading conditions require materials combining a high level of strength and fracture
toughness. A ready to press alumina doped 2 mol% yttria stabilized zirconia powder was shaped by axial
pressing and sintering in air at 1250 - 1500 °C  for 2 h. The best combination of strength and toughness value
of 7.8 MPaVm. Materials sintered in the middle of the chosen temperature range combine fully density, high
transformability and small grain size. Toughness measurements by direct crack length measurements
delivered unrealistically high fracture toughness values.
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1. Introduction

Partially stabilized zirconia materials are structural ceramics which combine high strength and
fracture toughness by exploiting the effect of transformation toughening (TT) [1]. TT describes a
reinforcement mechanism based on the martensitic transformation of metastable tetragonal phase to
stable monoclinic phase associated with volume expansion and shear. If a crack in partially stabilized
zirconia is put under tensile stress, a transformation zone forms at the crack tip. As the crack expands,
the transformation zone in the wake of the crack exerts compressive stress which leads to reduction
of the stress intensity at the crack tip, the shear component can be accommodated by twin-like
orientation of the transformed monoclinic domains [2,3]. In order to obtain a metastable tetragonal
phase after sintering, zirconia has to be stabilized by addition of oxides containing aliovalent or
isovalent cations which stabilize the tetragonal phase by expanding the lattice, by introduction of
oxygen vacancies or both [4,5]. Today yttria is probably the technologically most important stabilizer
oxide. As yttria is trivalent, yttria addition introduces oxygen vacancies to retain charge neutrality.
Moreover, as Y** is an oversized dopant (larger than Zr#) additional stabilization by lattice expansion
is obtained. Yttria forms tetragonal and cubic solid solutions with zirconia [6]. The yttria content in
yttria stabilized tetragonal zirconia polycrystals (Y-TZP) typically is 3 mol% [7]. Thermodynamically,
at typical sintering temperatures of ~1400 °C this is a composition located in the t+c field which
represents miscibility gap and ranges from 2.5 - 6.5 mol% Y205 [6]. The composition should, therefore,
by rule of the lever decompose to ~20 % cubic and ~80 % tetragonal phase. However, as the powders
are typically made by co-precipitation the initial distribution of yttria in zirconia is homogeneous at
atomic level. Phase segregation is therefore inhibited and requires high sintering temperatures [8].
The tetragonal phase in 3Y-TZP sintered at moderate temperatures is therefore super-saturated and
not very transformable. This leads to materials with high strength (> 1000 MPa) but very moderate
toughness (4-6 MPaVm) [9]. In order to improve the toughness of Y-TZP made from co-precipitated
powder two pathways are possible. The first is to overfire the TZP to temperatures above 1500 °C for
long dwell time to trigger the phase segregation and increase the grain size of the tetragonal grains
to make the material more transformable [10]. The second is to reduce the stabilizer content to a level
below 2.5 mol% to obtain a more transformable tetragonal phase [11]. Both procedures face some
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difficulties. The first route leads to very coarse grained materials with reduced strength. At the same
time these materials become very prone to degrade by low temperature degradation in presence of
humidity [12]. In case of the second route it has to be considered that the critical grain size beyond
which the material will transform spontaneously during cooling from sintering temperature is
reduced with declining stabilizer content [13]. This requires very fine and sinterable starting powders
to obtain fully dense ceramics at moderate sintering temperatures. Even more so as one may expect
that low stabilizer and entirely tetragonal compositions do not profit to the same extent from solute
drag of excess yttria which prevents grain growth in 3Y-TZP [8]. The concept is known for decades
and is well described in literature [14]. The difficulties described above have for a long time prevented
implementation of understabilized Y-TZP, as it was considered too dangerous to use for fear of
spontaneous transformation. In recent years different powder producers launched new
understabilized Y-TZPs (with 1.5-2 mol% Y20s) and there are a few new studies. Innovnano’s 2Y-TZP
which was produced by detonation synthesis delivered an impressive combination of strength and
toughness but has disappeared from the market [15]. Tosoh’s ZGAIA 1.5Y-TZP promised extreme
toughness in combination with attractive strength [16]. Recent studies by Imarouane showed that
indentation toughness values were exaggerated, still a fracture toughness of 9 MPavm combined with
a strength of 1000 MPa are respectable [17]. The material is however tricky to sinter and requires high
cooling rates to retain the metastable tetragonal phase [18]. In the present study a new alumina doped
2Y-TZP issued by Treibacher Industries in Austria was tested.

2. Materials and Methods

The starting material used in this study is a zirconia powder stabilized with 2 mol% of Yttria
and alloyed with 0.4 wt-% of alumina, the powders was delivered as a ready to press granulate by
the manufacturer (Auertec® 2Y-40A-B, Treibacher, Austria, Seer = 11.15 m?/g). The loss on ignition
(correlates to binder content) was specified as 4.3 wt-%. Granules have an average diameter of 45 um.
The powder was cold pressed in a rectangular steel die of 35x35 mm? diameter (Graveurbetrieb
Leonhardt, Germany) at 125 MPa pressure in a manually operated press (Paul Weber, Germany). 9 g
of powder were weighed per plate which results in a sintered plate of approx. 2 mm thickness. The
plates were subsequently debindered in air (1 K/min to 600 °C, 3 h dwell, Linn, Germany) and
sintered in air in a dental furnace (MIHM-Vogt HT speed, Germany) at 2 K/min to 1200 °C and 1
K/min to final temperature (1250 - 1500 °C in 50 °C increments). Cooling was carried out at 12 K/min
to room temperature.

The plates (4 plates per sintering temperature) were then lapped on both sides with 15 um
diamond suspension and polished on one side with 15 pm, 6 pm 3um and 1um diamond suspension
to obtain a mirror like finish using an automatic machine (Struers Rotopol, Denmark). The plates
were cut into bars with 4 mm width (Struers Accutom, Denmark) with a diamond wheel. The as cut
sides were lapped with 15 um to remove cutting induced defects, finally the edges were beveled
manually using a 40 um diamond disk.

Density of the samples was measured by buoyancy method using polished plates prior to cutting
(Kern, Germany). Vickers hardness measurements HV10 (n = 5) (Bareiss, Germany) were carried out
to determine the hardness and the indentation fracture resistance Kocm by direct crack length
measurements. The indentation toughness was calculated according to the Niihara Palmqvist crack
model [19]. For the fully dense Y-TZP samples a Young’'s modulus of 210 GPa was assumed [15].
Four-point bending tests were carried out in a setup with 20 mm outer and 10 mm inner span at a
crosshead speed of 0.5 mm/min (n = 12) (Zwick, Germany). Indentation strength in bending (ISB)
tests were carried out in the same setup at 2.5 mm/min crosshead speed. For the ISB tests the samples
were indented with 4 indents at a distance of 2 mm on the tensile side with crack parallel and
perpendicular to the sides. The indented side was placed within the inner span and the residual
strength was measured. Placing dummy indentations was necessary due to the inhomogeneity of the
crack pattern in order to obtain at least one valid indentation per bar. The ISB toughness Kiss was
then calculated using the model of Chantikul [20]. It is known from literature that in understabilized
Y-TZP materials transformation zones around the indents may cause crack trapping effects, which


https://doi.org/10.20944/preprints202405.1607.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 May 2024 d0i:10.20944/preprints202405.1607.v1

lead to overestimated toughness values [21] Hence, a modified SIGB (stable indentation crack growth
in bending) test according to Dransmann was applied [22]. In order to suppress transformation and
obtain starter cracks exceeding the uplifted zone around the crack, HV10 Vickers indents were
introduced at elevated temperature (250 - 300 °C). The samples were then progressively loaded at
5mm/min and the crack growth was measured after each loading step. A detailed description of the
SIGB test is given by Benzaid [23].

The phase composition of as fired samples without preparation was measured by XRD
according to the protocol of Toraya [24]. The phase composition was also determined in fracture
surfaces in order to determine the transformability and the transformation zone size according to
Kosmac [25]. The fourth order peaks in the 72-75° 20 range were studied to obtain tetragonality
values and confirm absence of cubic phase.

The transformation toughness values were calculated according to McMeeking and Evans
assuming a transformation efficiency of 0.27 (predominantly dilational transformation) [26].

SEM images were taken from polished and thermally etched samples (10 K/min to 1150°C, 10
dwell in air) in order to determine the grain size [27] and identify possible thermal transformation
effects.

The tensile sides of fractured bars were checked by optical microscopy for formation of
transformation bands which would indicate transformation related failure [28].

3. Results

3.1. Density and Mechanical Properties

The density o of the TZP samples sintered at different temperatures is shown in Figure 1.
Evidently sintering at 1250 °C is not sufficient (relative density 97.9 %) to obtain fully dense material.
At sintering temperature > 1300 °C the obtained materials are practically fully dense (99.3 - 99.7 %
assuming a theoretical density of 6.1 g/cm?).
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Figure 1. Density o of TZP samples sintered at different temperatures.

Figure 2 shows the Vickers hardness HV10 and the bending strength oupt of the TZPs sintered at
different temperatures. The Vickers hardness shows a strong correlation to the density values. The
hardness increases from 1175 HV10 to 1250 HV10 between 1250 -1300 °C. Then the hardness further
increases until 1400 °C, the slight reduction in hardness at even higher temperatures is probably
related to increasing grain size. All samples reach average bending strength values > 1200 °C. The
strength maximum is obtained at 1350 °C with 1440 + 110 MPa.
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Figure 2. Vickers hardness HV10 and bending strength o4pt of TZPs sintered at different
temperatures.

Figure 3 shows the fracture toughness values Kocv obtained by direct crack length measurement
and indentation strength in bending Kiss derived from residual strength values of samples indented
at ambient temperature. Note: Both calculation methods require a value for the Youngs modulus E,
E was assumed as 210 GPa for all samples except the sample sintered at 1250 °C which was not dense
(assumed value 200 GPa).
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Figure 3. Fracture toughness values Kocm and Kiss of TZPs sintered at different temperatures.

The toughness level determined by both testing protocols are comparable and extremely high.
Maximum values of 13-15 MPaVm were measured at sintering temperatures between 1300 °C and
1500 °C. These results correlate very well with indentation toughness data obtained by Billovits for
the same material [29] and Matsui for ZGAIA 1.5Y-TZP [16]. Realistically the strength-toughness
correlations published by Swain [30] raise some doubts about the correctness of these indentation
based toughness values. With the given strength of 1200 - 1440 MPa (here the values can be
considered reliable) the corresponding toughness can be achieved either on the defect size related
branch of the curve at 6 MPaVm or on the transformation dominated side at 8 MPaVm (note that
Swain’s data are indentation toughness data, strength data are from 3pt measurements). Moreover
the observed crack patterns which are frequently incomplete are a clear indication of trapping effects.
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As the ISB test is based on the assumption of semicircular crack geometries (geometry factor Y =1.27)
a correction factor needs to be introduced. Dransmann experimentally determined a value of Y =1.08
for 3Y-TZP [22]. In the present case of even tougher 2Y-TZP we may estimate Y = 0.95. This would
reduce the uncorrected maximum ISB-toughness values by 25 % to corrected values of ~10.5 MPavm.

The following graph (Figure 4) shows the fracture toughness values determined from the
strongest survivors in the SIGB test using samples which were indented at elevated temperature.
Note that no extrapolation to infinite crack lengths was carried out which may lead to a slight
underestimation of toughness [22,23]. The sample sintered at 1500 °C was thermally too instable and
did not survive the heating procedure. The indentation at 250 °C increases the crack length 2c (from
crack tip to crack tip in a HV10 indent) from approximately 0.14 um to 0.18 um. In fact, as expected
due to larger starting cracks and suppression of transformation induced crack trapping, the warm-
indented samples fail at stress levels of 500-540 MPa. ISB samples indented at ambient temperature
reach residual strength levels of 1000 MPa. The toughness levels by SIGB range from 5.5 MPaVm to
7.8 MPaVm. Such values seem reasonable with respect to Swains reference data [30]. The maximum
toughness is achieved at 1350°C sintering temperature. The toughness dip at 1300°C is probably
related to the incomplete densification at 1250°C. The presence of porosity in the 1250°C sample
reduces the elastic constraint and facilitates transformation. Moreover, pores may stop cracks. The
same toughness minimum is seen in the ISB-toughness values (Figure 3).
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Figure 4. Fracture toughness values Ksics of TZPs sintered at different temperatures, samples notched
at elevated temperature.

3.2. Microstructure

Figure 5 shows the microstructure of polished and thermally etched samples sintered at different
sintering temperatures. Considerable porosity is visible in the sample sintered at 1250 °C/2 h. At
higher sintering temperatures porosity is significantly reduced. Some isolated pores are visible even
at the highest sintering temperature. Microstructure images are in accord with measured densities
(Figure 1). The uneven surface structure especially at sintering temperatures > 1400 °C may indicate
a certain degree of t-m phase transformation which is associated with volume expansion.
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Figure 5. Microstructure of 2Y-TZP (polished and thermally etched surfaces). a. 1250 °C/2h  b.
1300 °C/2 h c.1350°C/2h d.1400°C/2h e.1450°C/2h £.1500 °C/2 h.

Figure 6 shows the evolution of average grain size with sintering temperature. As expected grain
size increases with sintering temperature. Considering a maximum grain size of 400 nm as required
for high strength dental applications (three or more element bridges) according to EN 6872, the
sintering temperature should be limited to 1350-1400 °C.
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Figure 6. Grain size of 2Y-TZP determined by line intercept method (correction factor 1.56).

3.3. Phase Composition and Transformation toughening Effect

Figure 7 shows the monoclinic contents in as-fired surface, polished surface and fracture surface
of bars after 4pt bending test. The as-fired surfaces exhibit a considerable monoclinic content which
increases from 3 vol.% at 1250 °C to 13 vol.% at 1450 °C sintering temperature. The polished surfaces
exhibit significantly lower monoclinic contents in the range of 1-2 vol.%. The monoclinic content in
the fracture surfaces increase with sintering temperature from 61 vol.% at 1250 °C to 75 vol.% at 1400
°C, then no further increase is observed. At high sintering temperature the measured monoclinic
contents are close to the theoretically possible ones of ~ 85 vol.% quoted by Mamivand [31]. The

transformability Viwhich is required to calculate the transformation toughness is calculated as V=
Vm,FF - Vm,pol.
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Figure 7. Monoclinic contents of TZP materials sintered at different temperatures measured by XRD
Vm,ar in as fired surface, Vmpol in polished surface and Vm,r in fracture surface.

Figure 8 shows the transformation zone sizes h according to Kosmac [25] and the corresponding
transformation toughness values AKicT according to McMeeking [26] which were obtained by
evaluation of XRD data of polished and fractured surfaces.

Transformation zone sizes reach a maximum of 4.5 um at sintering temperatures between 1400
°C-1500 °C. The calculated transformation toughness increases from 3 MPaVm at 1250 °C to 5 MPavym
at 1400 °C at higher temperature the transformation toughness stays at this level.

Assuming toughening effects are additive, the total fracture toughness can be calculated as Kic
= Ko + KicT in absence of other toughening mechanisms than TT. Literature data for the crack tip
toughness or intrinsic toughness Ko (in absence of reinforcement effects) are between: Ko = 3 MPavm
[23] and Ko =4 MPavm [30,32]. Therefore, on the basis of XRD data and theoretical considerations the
maximum toughness of the material may not exceed 8-9 MPaVm. This implies that both DCM and
ISB values (Figure 3) are exaggerated and that the measured SIGB toughness data (Figure 4) are
within the calculated range or slightly below.
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Figure 8. Transformation zone size h and transformation toughness AKic" of of TZP materials sintered
at different temperatures.
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4. Discussion

The 2Y-TZP material investigated shows an attractive combination of strength and fracture
toughness. An in depth study of transformation behavior and calculation of the maximum
transformation toughness increment confirms that direct crack length measurement and ISB tests
both lead to drastic overestimations of the fracture toughness values. The reason for this can be found
in crack trapping effects as described by Cook [21]. The cracks induced by HV10 indents are trapped
in the transformation zone resulting not only in extremely short crack lengths but also very frequently
in irregular crack patterns which are difficult to interpret. Similar conclusions are obtained
comparing the results of Matsui and Imarouane who studied a quite similar understabilized 1.5Y-
TZP material [16,17]. In ISB tests cracks are extended due to tensile stress during loading the sample
to failure. However, if the cracks are trapped within the transformation zone the sample will fail at
short crack extension immediately when the crack exits the shielded zone around the indent rather
than grow evenly, this sudden bursting of ISB bars resulted in residual strength levels of up to 1000
MPa. The chosen procedure to place indentations at elevated temperature (250 °C - 300 °C) at least
reduces the transformability and allows the cracks to grow during the SIGB test. However, this
solution cannot be applied in all samples, the sample sintered at 1500 °C turned out to be vulnerable
to heating and transformed at this temperature. XRD measurements and calculation of fracture
toughness using the model of McMeeking and Evans [26] allows to estimate the possible maximum
toughness in this 2Y-TZP (8-9 MPaVm). The SIGB tests carried out with samples indented at elevated
temperature lead to toughness values within or below this range. It has to be considered that samples
are small and toughness values were not extrapolated to larger crack lengths, this may account for
slight underestimations. Moreover a constant transformation efficiency of X = 0.27 (predominantly
but not exclusively dilational) was applied for calculation. It could be that at high sintering
temperatures and large grain sizes the transformation efficiency may decline as in case of Ce-TZP
materials [2].

Another point worth discussing in the context of Ref. [18] is the elevated monoclinic content of
the as fired surface compared to polished surfaces. Thermal etching also led to uneven surfaces
especially for samples sintered at higher temperatures. In the sintering cycles for the study the
samples were cooled down with 12 K/min (or in case of lower temperature as fast as the thermal
inertia of the furnace allowed it). These observations are in line with results of Imarouane on ageing
of 1.5Y-TZP [18]. Maybe even faster cooling would be beneficial to prevent phase transformation.
This increases the requirements to the furnace and kiln furniture and indicates possible difficulties in
net-shape manufacturing of larger components.

5. Conclusions

The alumina doped 2Y-TZP tested in this study provides a combination of high toughness and
high strength which makes the material attractive for structural applications requiring high damage
tolerance for catastrophic events. Transformation toughness increments of up to 5 MPaym represent
the maximum of the theoretically possible value for Y-TZP materials. However, as the R-curve
dependent toughness is so high the materials are probably prone to suffer from sub-critical crack
growth ie. they are not well suited to bear constant or alternating loads. Indentation based
measurements may lead to overestimation of fracture toughness due to crack trapping and mistakes
in the design of components. The best sintering condition is probably 1350 °C/2h as both strength and
toughness reach their optimum, grain growth is still moderate and material is fully dense. Overfiring
shifts the material into the transformation dominated range strength and toughness decrease and low
temperature degradation may become an issue.
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