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Abstract

Alumina-toughened zirconia composites are attractive materials for biomedical and demanding mechanical engi-
neering applications as the added alumina increases hardness and strength while the fracture toughness of zirconia
is preserved. In the present study an unstabilized pyrogenic zirconia nanopowder was coated with 1 mol% ytterbia
and 2 mol% neodymia via the nitrate route, the powder was blended with 20 vol% submicron size alumina. Samples
were hot-pressed at 1250 - 1450 °C for 1 h at 60 MPa axial pressure. Microstructure, phase composition and mechani-
cal properties were investigated. The composites show proceeding phase separation with rising sintering temperature.
Cubic precipitates are formed, leaving a highly transformable tetragonal zirconia matrix, which results in a combi-
nation of very high fracture resistance, threshold stress intensity and bending strength. The material thus combines
high resistance to catastrophic failure in single loading events and good prospects for applications operating under

cyclical loading conditions.
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I. Introduction

The high strength and toughness of zirconia ceramics re-
sult from the stress-induced martensitic transformation of
metastable tetragonal phase to stable monoclinic phase.
This transformation is associated with volume expansion
(~5 %) and shear. In the wake of the crack a process zone
is formed which shields the crack and slows or stops crack
propagation. The metastability of the tetragonal phase is
achieved by stabilization of zirconia with metal oxides
such as magnesia or yttria 1.

Zirconia ceramics may be divided in two main groups,
partially stabilized zirconia (PSZ) like Mg-PSZ and Ca-
PSZinwhich lenticular tetragonal zirconia precipitates are
incorporated into a coarse cubic matrix. Tetragonal zirco-
nia polycrystals (TZP) are fine-grained and the tetragonal
phase makes up the majority of the material 2. Today en-
gineering ceramics for biomedical applications are TZP or
TZP-alumina composites 3. The standard TZP material is
yttria-stabilized zirconia (Y-TZP), which is commonly
stabilized with 2.5-3.5mol% yttria. Y-TZP has high
strength (800—1500 MPa) but only exhibits moderate
toughness (4—6MPa\m). The inverse strength-tough-
ness relation is achieved by stabilization with tetrava-
lent ceria. Here the toughness is high (> 10 MPa-Vm), but
strength limited (300-500 MPa) 4. The characteristics of
various other trivalent, tetravalent and charge-compen-
sating stabilizer oxides have been studied in detail, but
most systems have no technical relevance for structural
ceramics 5~/ For fuel cells and thermal barrier coatings,

Corresponding author: frank.kern@ifkb.uni-stuttgart.de

rare-earth-oxide-doped zirconia, but with higher stabiliz-
er concentrations, has high relevance 89. The state-the-art
method of stabilizing, leading to homogeneous stabilizer
distribution, is coprecipitation of stabilizer and zirconia
from salt solutions 10. Various authors have reported on
the coating of monoclinic powder with stabilizer or high-
energy co-milling 11-13, Y-TZP materials manufactured
from coated powders show improved toughness and aging
resistance 1415, The addition of small amounts of alumi-
na to zirconia leads to incorporation of the alumina into
the grain boundaries as shown by Ross 16. This improves
the low-temperature aging resistance and changes the
strength toughness and grain growth characteristics 17.
Higher amounts of added alumina lead to alumina-tough-
ened zirconia (ATZ), a material that shows drastically im-
proved aging resistance, improved strength and hardness
at similar toughness 18,19, Swain has shown that ATZ has
smaller defect sizes than TZP 4.

Costabilization of TZP with different tri- and tetravalent
dopants have been shown, e.g. by Kan and Huang 20-22,
High toughness has been found in yttria-neodymia-sta-
bilized TZP 23. YNd-TZP has been successfully applied
as a matrix in electrically conductive composites 2425, It
has been claimed that yttria-neodymia-costabilized zir-
conia has higher hydrothermal stability than Y-TZP 26.
Gadow and Kern have shown that 1.5Y-1.5Nd-TZP-
alumina composites have higher strength than 1.5Y-
1.5Nd-TZP but retain its high toughness?’. The high
strength and toughness in 1Y-2Nd-TZP derived from
coated nanopowders was correlated to a phase separation
process affecting the microstructure, which segregates in-
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to extremely fine grain transformable tetragonal matrix
and untransformable cubic precipitates 28. Ytterbia-stabi-
lized zirconia Yb-TZP shows high toughness and higher
strength than Y-TZP 29,30,

In this study ytterbia-neodymia codoping was tried in
combination with alumina addition to produce 1Yb-2Nd-
ATZ with the aim of investigating microstructure, phase
composition and strength-toughness correlations in com-
parison to the recently investigated 1Y-2Nd-TZP- and
1Gd-2Nd-TZP-based systems 28,31, A nanoscale starting
powder in combination with hot pressing was chosen in
order to obtain full density at low sintering temperature
and to test the evolution of properties over a wide range of
sintering temperatures.

The motivation to obtain higher toughness, even if this
does not lead to higher strength, is not as evident as for an
intrinsically flawless and perfectly machined 3Y-TZP, im-
plemented under controlled loading conditions. In such a
case toughness is not so relevant for component perfor-
mance. If, however, the part is manufactured with tech-
nologies such as injection moulding which systematically
produce larger microstructural defects than e.g. cold iso-
static pressing, higher toughness is definitely beneficial.
The same is true in applications where the components are
susceptible to damage by machining (e.g. manual dress-
ing of dental implants, crowns or bridges) or operation
(scratching, multiaxial loading) and in the case of com-
ponent design that is not specifically adapted to ceramics,
which sometimes cannot be avoided.

II. Experimental

The starting powders for this study were unstabilized
zirconia VP-Ph (Evonik, Germany, Sgpr=60m?2/g) and
a-alumina APAQ.5 (Ceralox, USA, Sgrr=8m?/g). The
zirconia was coated via the nitrate route with 1 mol%
Yb,0; and 2 mol% Nd,O3 neodymia (both Chempur,
Germany, 99.9% purity) basically following the pro-
cedure devised by Yuan13. A coating procedure adapt-
ed to ultrafine zirconia was previously described in de-
tail by the author 29. The resulting calcined powder was
blended with 20vol% alumina and milled for 4h in 2-
propanol using Y-TZP balls (d=1mm). After separa-
tion of the milling media, the ATZ blend was dried and
screened. Samples were consolidated by means of hot
pressing (KCE, Germany) at 1250°C - 1450°C for 1h
under 60 MPa axial pressure. The resulting plates with
dimensions of 42x22x2mm? were lapped with 15um
diamond suspension, polished with 15-1um diamond
suspension and cut into bending bars. Sides and edges of
the bars were carefully ground and polished to eliminate
machining defects. The final dimensions of the bars were
3.8 (£0.1)x 1.7 (£0.1) x 22 mm?. The microstructure of pol-
ished and thermally etched surfaces (1200 °C/10 min/air)
with a conductive PdPt coating was investigated by means
of SEM (Zeiss, Germany) in SE mode at 3 kV accelera-
tion voltage. EDX measurements were performed on the
same SEM. The phase composition was measured on pol-
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ished surfaces and fracture faces by integrating the areas of
monoclinic and tetragonal XRD reflexes in the 27 —33° 20-
range applying the calibration curve of Toraya (Bruker D8,
Germany, CuKa, graphite monochromator) 32. Measure-
ment of the mechanical properties included measurement
of Vickers hardness HV ;y (Bareiss, Germany, five indents)
and HVy  (Fischer, Germany, 12 indents), determination
of the indentation modulus Eqnp and the measurement
of 4-pt bending strength in a setup with 10 mm inner
and 20 mm outer span at a crosshead speed of 2.5 mm/
min (ten samples). The indentation modulus was deter-
mined according to the universal hardness method from
the loading/unloading curve of the HV ; microhardness
measurement. Fracture resistance was determined with
three methods in order to be able to compare with existing
literature data. Indentation fracture resistance Knp was
determined by means of direct crack length measurement
according to Anstis on five HVy indents 33. Fracture
resistance by indentation strength in bending Kgg was
measured according to Chantikul based on determination
of the residual strength (in the same 4-pt setup) of four
bars pre-indented with a HV g indent in the middle of the
tensile side 34. In order to determine the threshold stress
intensity, stable indentation crack growth in flexure was
measured in the same 4-pt setup at a crosshead speed of
5 mm/min. The procedure was proposed by Braun and
refined by Dransmann 33,36, The experimental procedure
closely followed the protocol described by Benzaid 37.
Samples were pre-indented with four HV, indents each
with the diagonals parallel and perpendicular to the sides
at 2mm distance in the middle of the tensile side of a
bending bar. The samples were then stored for two weeks
to allow the cracks to grow subcritically to a stable ex-
tension. Samples were initially loaded with 30 % of their
residual strength (determined in ISB test). The load was
subsequently increased in 50-100-MPa increments un-
til fracture. The length of the cracks perpendicular to the
sides was measured after each loading step. A plot of the
applied stress intensity KapP1=kI)~o-\/C versus the resid-
ual indentation stress intensity K . =P-c"1> allows the
determination of the subcritical stress intensity Kg. If
K. es> Kqpp1, no crack growth occurs. The onset of crack
growth, visible from the kink in the curve, is the value
K ppl,o- The fracture toughness is obtained at the intercept
of the straight linear part with the slope y starting from
the kink and the ordinate. The threshold Kj is given by
Ko=Kic-Kqpplo?”- The parameters for the calculation
are the indentation load P=98.1 N, the crack geometry
parameter ¢ = 1.27, the measured crack length c in pm, and
the stress o in MPa. Lube and Fett have shown that in the
case of material with R-curve behaviour the extrapolation
to the ordinate intercept can lead to unrealistically high
values for the fracture resistance 38. Moreover in the case
of R-curve behaviour, the fracture resistance rises with
crack length, thus K. has no fixed value. It was therefore
assumed that K gp is the upper boundary of the fracture
resistance.
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Fig. 1: SEM images of polished and thermally etched microstructure of ATZ sintered at: 1250°C (A), 1300°C (B), 1350°C (C), 1400°C(D)

and 1450°C (E).
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Fig. 2: Monoclinic content in polished surfaces and fracture faces
and resulting transformability of ATZ vs. sintering temperature.

III. Results

(1) Microstructure

Figs. 1a-e show the microstructure of ATZ sintered at
1250-1450°C. Evidently the microstructure consists of
three phases. Alumina (dark grey) is homogeneously dis-
tributed in the zirconia matrix. Initially at 1250 °C the
grain size of the alumina in the sintered material - 300 nm
— is identical with the grain size in the powder. Coarsen-
ing of the alumina dispersion is visible between 1400 and
1450 °C, at the final temperature the grain size of alumi-
na has grown to 500 nm. The zirconia in bright grey con-
sists of two types of grains. At 12501350 °C small grains
with asize of 100-200 nm and large grains of 400 - 600 nm
are visible. The large grains are arranged in clusters of a

few grains. Grain growth in zirconia occurs at sintering
temperatures exceeding 1350 °C and proceeds further to
the highest sintering temperature. Large grains grow to
800 nm and small matrix grains grow to 300—-400 nm. The
thermal etching process reveals the formation of precipi-
tates of 150 nm in size in the larger grains that are inclined
to the plane. Moreover at 1450 °C, with larger magnifica-
tion, cracks in the large grains become visible at the bound-
aries of large grains and surrounding matrix or alumina. At
some alumina/zirconia boundaries a thin layer of anoth-
er phase can be identified. In order to quantify the stabi-
lizer concentration, an EDX analysis was performed (not
shown). EDX reveals that the neodymia content in the
large grains is approximately 3 —5 times higher than in the
small grains. A similar ratio was found for ytterbia, how-
ever, owing to strong cross sensitivity of ytterbia with alu-
mina, no quantitative data were obtained.

(2) Phase composition

Fig. 2 shows the monoclinic fractions of zirconia in pol-
ished surfaces and fracture faces. The difference between
the two values is the transformability V¢ Monoclinic
phase is present in all materials, the monoclinic content in
as-fired samples rises moderately from 7 % at 1250 °C to
14 % at 1400 °C, at the final sintering temperature a more
drastic increase to 20 % can be measured. Concerning the
fracture faces, the monoclinic content rises from 30 % at
1250°C to 60 % at 1300 °C, at 1350°C the monoclinic
content declines to 52 % and rises linearly to the highest
monoclinic content of 68 % at a sintering temperature of
1450 °C. The resulting transformability shows an initial
rise from 1250 °C to 1300°C, then a relatively constant
level of 40—47 % between 1300 °C and 1450 °C. Owing
to error propagation, the intermediate drop at 1350 °C to
~40 % should not be overstressed.
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Fig.3 shows the XRD traces between 27 —33° 26-scale
of polished surfaces of materials sintered at 1250, 1350
and 1450 °C respectively. The shoulder in the tetragonal
(101) reflex develops into a separate reflex, this reflex is the
(111) reflex of cubic zirconia. Evidently the cubic content
increases with sintering temperature. The corresponding
XRD traces at 27 —33° 26-scale of fracture faces (Fig.4)
support this presumption, while the tetragonal phase is
consumed by martensitic transformation, the cubic reflex
stays unchanged. In fracture faces of material sintered at
1450 °C the tetragonal phase is almost completely elimi-
nated. It was previously suspected that additional tough-
ening could be caused by ferroelastic domain switching of
the tetragonal phase 3939, The prerequisite of high tensile
stress in zirconia (> 1.6 GPa) is fulfilled as residual cooling
stress by CTE mismatch of alumina and zirconia added to
operating stress 40. It was therefore checked in the sample
sintered at 1250 °C, which has the lowest transformability,
if domain orientation has occurred by integrating the (002)
and (200) reflexes of tetragonal zirconia (Fig. 5). In fact a
reorientation of the tetragonal domains has occurred. The
intensity ratio between Igp,/I5og reflexes shifts from 0.67
in the polished surface to 0.75 in the fracture face.. Accord-
ing to Virkar, thisindicates adomainreorientation with the
(001) axes parallel to the fracture face 40. Considering the
total toughness level, the effect may only be of some im-
portance at low sintering temperature.
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Fig.3: XRD traces of polished surfaces of ATZ sintered at 1250,
1350 and 1450°C in the 27-33° 26-range showing monoclinic,
tetragonal and cubic reflexes.

(3) Mechanical properties

Fig. 6 shows the density and the indentation modulus of
the ATZ versus sintering temperature. Both curves show
a rising trend. The density shows an initial rise between
1250 and 1300 °C with subsequent flattening. Itis not pos-
sible to correlate the density value to porosity alone as
the phase composition is changing continuously and be-
cause the density of 1Y-2Nd-TZP is not known, SEM im-
ages of samples sintered at 1250 °C show very few small
pores of ~ 100 nm in diameter which explain only half the
change in density. It seems thus probable that the differ-
ing density of the sample sintered at 1250 °C is to some ex-
tent caused by incomplete stabilizer distribution. The in-
dentation modulus Eqnp rises almost linearly from 267 to
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278 GPa. Theinitial rise between 1250 °C and 1300 °C may
be caused by alow amount of residual porosity. A value of
~265 GPa can be expected based on the rule of mixture.
The values of Eqp should not be overstressed, the inden-
tation procedure may be susceptible to reacting to residu-
al stress present in the samples. Moreover the microinden-
tation process itself may create residual stress during the
measurement.
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Fig.4: XRD traces of fracture faces of ATZ sintered at 1250, 1350
and 1450 °C in the 27 -33° 26-range showing monoclinic, tetrago-
nal, cubic and additional unknown reflexes.
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Fig. 5: XRD traces of polished surface (left) and fracture face (right)
of ATZ sintered at 1250°C in the 33.5-36° 26-range showing
tetragonal (002) and (200) reflexes and their size ratio.
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Fig.7 shows the Vickers hardness HV10 and the 4-pt
bending strength. The Vickers hardness shows an initial
increase from 13.8 GPa at 1250 °C to 14 GPa at 1300°C
(presumably caused by residual porosity differences in
stabilizer distribution) followed by a continuous de-
crease from this level to 13.4 GPaat 1450 °C. Compared to
2.5Y-TZP-20v0l% alumina, the hardness is slightly low-
er 39. With values of 1050 — 1250 MPa for the 4-pt bending
strength the ATZ reaches a very attractive level for struc-
tural ceramics. The strength rises continuously to reach
its highest value at 1400 °C. At the final temperature the
strength decreases, the standard deviation, however, be-
comes considerably smaller. Moreover, a non-linearity in
the stress-strain curve in the final stage indicates a decline
in Young’s modulus caused by microcracking. This ten-
dency to non-linear stress-strain curves becomes increas-
ingly important in materials sintered at high temperatures.
Fig. 8 shows-stress strain curves of the samples with the
highest strength of each series for sintering temperatures
of 13001450 °C. While curves are almost perfectly linear
up to 1350 °C, the sample sintered at 1400 °C shows an
onset of non-linearity at ~1000—1100 MPa, the material
sintered at 1450 °C shows strong non-linearity starting
from a stress of ~800 MPa (the initial kink at 400 MPa
in all curves is a machine-specific artefact). According to
Swain, this difference can be interpreted in terms of trans-
formation stress o or for bending test the corresponding
stress og which can be analytically calculated (Egs. 1 and
2) 4

3.0,
°0= (1+v) 2)

Kis the stress intensity coefficient, which for high tough-
ness and R-curve domination tends to Ky, and for low
toughness and strength controlled by defect size to K.
Assuming a cardioid transformation zone the coefficient
B=0.64. Poisson’s ratio v= 0.3, the value for h was calcu-
lated from the XRD analysis according to Kosmac 42.

For the sample sintered at 1300 °C showing high strength
and intermediate toughness, flaw size control can be as-
sumed (K =Kgg =7.3 MPa-Vm, h=4 um), here values of
o.=520 MPaand 6y =1200 MPaare obtained. For the very
tough sample sintered at 1450 °C, R-curve domination can
be expected (K=K ;,=5.2 MPa~Vm, h =6 um), here values
of 6, =317 MPa and oy =732 MPa are obtained.

The calculated values for o for the two materials are in
good accord with the results of the bending tests, which
show almost no deviation from linearity for the mate-
rial sintered at 1300 °C and an onset of non-linearity at
~800 MPa for the one sintered at 1450 °C. For the mate-
rials in the transition range between these extremes, the
stress intensity K for calculation of the critical transforma-

tion stress probably has a value between K, and K.

Yiterbia-Neodymia Costabilized Zirconia — Alumina Nanocomposites 193

1400 — 1440
& 4300 ] L1420
£ ] - =
3 ) =
£ 12004 - 1400 8
& 11004 L1380 £
2 ] - ®
£ 7 L @
5 1 [ £
& 1000 i \] [ 13605
] -8~ HWV10 S
900 i T | T T T T | T T T T | T T T T | T T T T | T 1340

1250 1300 1350 1400 1450
sintering temperature [°C]

Fig.7: Bending strength o4, and Vickers hardness HV10 of ATZ
vs. sintering temperature.
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Fig. 8: Stress-strain curves of ATZ sintered at 1300—1450°C de-
termined in 4-pt bending. The curves show the samples with the
highest strength of each series..

Fig.9 shows the fracture resistance values depending
on sintering temperature. The fracture resistance shows a
similar trend with rising sintering temperature to that of
the strength. The values for K{gp rise from 6.6 MPa-Vm at
1250 °C to 12 MPa-Vm at 1400 °C. At 1450 °C the fracture
resistance declines. The indentation fracture resistance ac-
cording to Anstis shows aslightly lower level than K{gp, as
can be expected from a material with R-curve behaviour.
It will be interesting to see whether other methods like
SEVNB tests can confirm the high toughness values mea-
sured with the indentation or ISB test. The fracture re-
sistance results of the stable indentation crack growth in
bending experiments where the crack is dragged out of the
initial residual stress zone are close to the Kgg and Kjnp
values. In most cases, owing to the relatively short crack
extension of only 20— 35 pm, an extrapolation to Ky, with
the significantaccuracy is very daring. For the material sin-
tered at 1250 °C the crack extension was 150 um, here the
highest measured toughness value K. was 6.3 MPa-Vm,
which is between Knp and Kigp, the extrapolated value
of Ky, was ~7 MPa-Vm and thus more similar to Kigg. In
most cases, owing to the relatively short crack extension
of only 20-35 pm and the resulting uncertainties in de-
termining the residual stress coefficient y (the slope of the
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linear partat K, > K ), an extrapolation to Ky with the
significant accuracy is very daring. The highest toughness
values measured on surviving cracks can be considered a
lower limit of toughness. These toughness values reach a
maximum of 9—9.5 MPa-Vm at 14001450 °C. Extrapo-
lated values at these sintering temperatures can be as high
as 15+ 2 MPa-Vm and are definitely exaggerated.
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Fig. 9: Fracture resistance values Kinp, Kisp and threshold stress
intensity Kq of ATZ vs. sintering temperature.

Threshold stress intensity Ky shows values of around
4 MPa-Vm between 1250 and 1350 °C. The peak value of
5.5 MPa-Vm for K, is obtained at 1400 °C. This value is
higher than the total toughness of coprecipitated 3Y-TZP.
According to McMeeking the parameters governing the
transformation toughness increment are the transforma-
bility V¢ and the height of the transformation zone h 41.
The value for h was determined from XRD data according
to Kosmac #2 and from the strength and toughness data ac-
cording to Budiansky 43. As the penetration depth of X-
rays in zirconia is limited to a few micrometers, the calcu-
lated value for h is slightly higher. In Fig. 10, K{gp is plot-
ted versus the product Vi-Vh. The tentative extrapolation
to the ordinate results in a value of 5.2 MPa-Vm for Kyp the
fracture resistance before the crack tip (not to be mistaken
for Ky !). This is a high value compared with 3 —4 MPa-Vm
for other zirconia materials 4.

IV. Discussion

Before starting the comprehensive discussion a brief
summary of the results is given.

The 1Yb-2Nd-ATZ materials produced exhibit both
high strength of o4, =1050-1240 MPa (Fig.7) and frac-

ture resistance Ky, = 6.6 — 12 MPa-Vm (Fig. 9). The thresh-
old toughness K describing resistance to subcritical crack
growth has a value of 4—5.5 MPa-Vm (Fig. 9). At a sinter-
ing temperature of 1400 °C, o4, K|. and K reach their
maximum. Non-linearity in tﬁe stress-strain curves of
materials sintered at 1400 °C and 1450 °C hints at R-curve

behaviour (Fig. 8). The crack tip toughness K ;;, of the ma-

terials obtained by extrapolation has a value of 5 MPa-Vm
(Fig. 10).
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Fig. 10: Fracture resistance Kigg vs. product of square root of
transformation zone height h and transformability V; measured
with XRD 42 and calculated 43.

In all materials monoclinic phase is present in the as-
fired state with a tendency to rise with increasing sintering
temperature, the transformability of the tetragonal phase
with exception of the sample sintered at 1250 °C is ~ 45 %
(Fig. 2). Cubic phase appears at 1350 °C and its content
increases with the sintering temperature (Fig. 3). The cubic
grains are large and distributed in a fine-grained tetragonal
matrix.

An explanation of the simultaneously high strength and
toughness becomes possible by combining the results of
mechanical characterization, phase analysis and character-
ization of microstructure.

Although the evolution of properties with temperature is
atransient process, thermodynamic considerations are the
key to understanding the behaviour of TZP or ATZ costa-
bilized by neodymia and a smaller trivalent dopant such
as ytterbia. The basics of the two binary systems can be
found in phase diagrams published by Wang for Nd,O3-
ZrO;,and Yb,03-ZrO, #4. The phase boundary at 1550 K
between t and t+c field in the case of Yb,O3-ZrO, is locat-
ed at ~2mol% Yb,O3, the invariant reaction T — M+F
happens at 1215 K and 1.8 mol% Yb,O;. For the subsys-
tem Nd,O3-ZrO, the phase boundary at 1550 K between
t and t+c field in the case of Nd,O3-ZrO, is located at
~0.8 mol% Nd, O3, the invariant reaction T — M+P hap-
pens at 1326 K and 0.5 mol% Nd,0O;. Assuming a lin-
ear correlation, we may assume that the costabilized sys-
tem is supersaturated with neodymia, the initial compo-
sition is located in the t+c field which represents a misci-
bility gap. Thermodynamically the separation into cubic
and tetragonal is favoured, but if such a separation actu-
ally takes place is a question of kinetics. The miscibility
gap in coprecipitated 3Y-TZP is relatively inert at typi-
cal sintering temperatures of 1400 °C and 2 h dwell 4>. In
1Y-2Nd-ATZ a phase separation starts at a temperature
as low as 1300 °C at short dwell. The initial non-homoge-
neous stabilizer distribution caused by the powder coating
process enhances this tendency, as the stabilizer is located
only at the grain surface, still initially no cubic is formed,
this means that all stabilizer is first incorporated into the
grains, excess stabilizer is released at higher temperature
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to form cubic phase. Burger has shown that the trajectory
of phase composition during sintering of coated powders
is different to coprecipitated powder 46. Stabilizers are in-
soluble in monoclinic, thus the incorporation of stabilizer
starts once the unstabilized zirconia turns tetragonal un-
der the influence of temperature (at~ 1150 °C). Stabilizers
then diffuse from the surface into the bulk of the grains.
As the energetic situation at the surface and in the bulk is
different, a certain supersaturation can be accommodat-
ed in grains having a high surface to bulk volume ratio,
this makes the material sintered at low temperature very
stable and less prone to transformation. Ross has shown
by means of TEM that a few atomic layers of alumina,
otherwise insoluble in zirconia, can be incorporated near
the surface 16. Athigher sintering temperatures grains start
to grow, the bulk volume increases at the expense of the
surface-near volume. During fusion of smaller grains to
larger grains, the stabilizer-rich region at the contact area
is dragged into the grains or diffuses aside during fusion
and becomes instable. The superfluous stabilizer cannot
be accommodated and starts to form cubic phase. In cu-
bic grains the stabilizer distribution ishomogeneous, there
is no gradient from boundary to centre (solute drag) 48.
Cubic grains thus grow faster. As the cubic takes up all
the excess stabilizer and leaves the rest of the matrix with
a composition at the T/T+F boundary the fine grain ma-
trix is very transformable. Moreover at high temperature
as the T+F field is wedge-shaped with the T+F/F bound-
ary having a lower slope than the T/T+F boundary more
cubic is formed at higher temperature 4. During cool-
ing the cubic becomes stabilizer-deficient. This should
favour precipitation of tetragonal within cubic grains as
a result of spinodal decomposition 49. This effect prob-
ably causes the formation of small presumably tetrago-
nal precipitates in the large grains of material sintered
at higher temperature. This effect was not observed in
1Gd-2Nd-TZP and 1Y-2Nd-TZP systems 28,31, It may be
speculated that the lower vertical T/T+M boundary in the
Yb,03-ZrO, system (1215 °C) compared to the Gd,O3-
ZrO, system (1309 °C) can be made responsible for this
behaviour. Moreover the curvature of the T/T+F bound-
aryisdifferentinY,03-ZrO, (straight) and Yb,03-ZrO,
(belly-shaped) 44.49. The reprecipitation of tetragonal may
also cause the higher stability of the compositions sin-
tered at high temperature compared to systems costabi-
lized with gadolinia and yttria. The phase separation pro-
cess strongly affects mechanical properties. Stabilizer de-
pletion of the matrix grains leads to high transformability
and results in high fracture resistance as a result of trans-
formation toughening.

We may argue that considering the identical processing
of all samples (except the different sintering temperature)
the original flaw size in all as-fired samples is identical.

In the sample sintered at 1450 °C some microcracks are
visible so that here even the existing flaw size might be
larger.

As the strength does not substantially increase with
toughness, the flaw sizes at the moment of fracture must be
different. Flaw sizes in the tougher materials are larger but
the tougher materials can tolerate larger flaws. The coars-
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er microstructures may be more susceptible to subcritical
crack growth than the finer structures. The non-linear
stress-strain curves in the materials sintered at high tem-
perature (especially at 1450 °C) are a clear indication of R-
curve behaviour. In ATZ sintered at 1450 °C the zirconia
is probably even more coarse, destabilized and thus trans-
formable than at 1400 °C and reaches its critical transfor-
mation stress at 800 MPa. Once the critical transformation
stress is reached, the transformation will take place with-
out further contribution to strength (steady state). Pro-
gressive transformation of zirconia will further increase
residual stress and introduce transformation-derived mi-
crocracks. This results in a reduction of Young’s modulus.
Large microcrack networks present critical flaws which
restrict the bending strength. Especially in ATZ sintered
at 1450 °C the real strength is probably somewhat lower
than the measured strength owing to a shift of the neutral
fibre in the bending bar to the compressive side.
According to Swain the transition from flaw size con-
trol to R-curve control in Y-TZP happens at a toughness
of ~7—8 MPa-Vm. In the present case Kip (=5 MPa-\m)is

higher than in Y-TZP (~ 3.5 MPa-Vm). This means the in-
trinsic toughness is higher than in 3Y-TZP (presumably
owing to a contribution by residual stress). Let us fur-
ther assume the transformation mechanism is similar for
all oversize trivalent dopants. We should not compare with
Mg-PSZ or Ce-TZP owing to different crystallographic
boundary conditions for transformation 1. If, according
to Evans, the toughness is the sum of crack tip toughness
and R-curve dependentincrements Ky, = K, + ZAK ¢, we
can expect that the increase in the non-R-curve-dependent
toughness will lead to higher strength at a given maximum
toughness (see Egs. 1 & 2) 50, 4.

For a deeper understanding of the phenomena and in or-
der to confirm the data measured, other methods for mea-
surement of toughness should be performed. Crack tip
toughness may be directly measured based on crack open-
ing displacement COD using Vickers indents or cube cor-
ner indents 51,52, An exact assessment of fracture tough-
ness and a minimizing of the influence of R-curve ef-
fects on K|, can be conducted with SEVNB, in zirconia
materials, however, the notch preparation has to be per-
formed with utmost care in order to obtain reliable mea-
surements 33,54,

V. Conclusions

Producing alumina-toughened zirconia ceramics from
ytterbia-neodymia costabilized material offers an oppor-
tunity to obtain materials with high strength, toughness
and resistance to subcritical crack growth. Such ceramics
may prove advantageous in the field of bioceramics and
high-performance mechanical components.

The reasons identified for the favourable mechanical
properties were identified in the inherent thermodynamic
instability of the compositions, leading to a separation
of a stabilizer-rich cubic phase. This phase separation
leaves the remaining tetragonal zirconia extremely trans-
formable. Transformation toughening is the dominant
reinforcement mechanism in the composite. In materials
sintered at low temperature there are some indications
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that a further contribution by ferroelastic domain switch-
ing exists. The pre-existing microcracks detected in the
vicinity of large grains in the material sintered at high tem-
perature hint at a contribution of microcracking in these
samples. Non-linearity in the stress-strain curve provides
evidence that ATZ sintered at T > 1400 °Cis R-curve dom-
inated.
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