Improving the Fracture Toughness of Yttria-Stabilised Zirconia:
A Next Generation Structural Ceramic

irconia is an interesting and versatile material used in a wide range of applications. For highly desirable
mechanical properties, Yttria-Stabilised Zirconia (YSZ) is especially useful for demanding industrial appli-
cations that require high strength/wear and fracture-resistance.
3 mol-% YSZ (3YSZ) is widely used as a structural ceramic as a result of its high flexural strength and
fracture toughness — highly desirable properties for a number of applications. Using a lower yttria content
to stabilise zirconia often correlates with an even greater level of fracture toughness, however, there are
compromises to be made with lower mol-% YSZs usually experiencing decreased resistance to ageing.
A unique, proprietary manufacturing process — Emulsion Detonation Synthesis (EDS) — from Innovnano/
PT enables the production of 2 mol-% YSZ (2YSZ) that avoids this compromise. Innovnano 2YSZ provides
outstanding fracture toughness in combination with scale-up reliability and desirable ageing and damage
tolerance. It therefore offers an excellent alternative to 3YSZ for structural ceramic applications.

2YSZ maximises fracture

toughness THE MICROSECOND EDS REACTION

It is well known in the industry that the =
fracture toughness of YSZs can be tailored :
by adjusting the stabiliser content. Gener-
ally, lowering the amount of yttria leads
to increased fracture toughness but there
is a trade-off, with lower yttria-containing
powders demonstrating decreased mechan-

ical strength and ageing resistance. PRESSURE
The EDS approach from Innovnano (Fig. 1)
has made it possible to manufacture a
higher fracture toughness structural cer- TEMPERATURE
amic (2YSZ) alternative to 3YSZ, without
losing the mechanical strength and age-
ing resistance. It involves a defined cycle
of high temperatures, pressures and rapid Fig. 1 Emulsion Detonation Synthesis (EDS) technology from Innovnano
Tab. 1 Properties of 2YSZ from Innovnano compared to benchmark 3YSZ
Innovnano
iParque, Lote 13, Apartado 7030 Performance Benchmark 3YSZ Innovnano 2YSZ
3040-570 Antanhol, Portugal
Fracture toughness [MPa - m®?] 5 14
E-mail: info@innovnano-materials.com Flexural strength [MPa] 1200 1200
WWw.innovnano-materials.com Hardness (HV10) 1250 1250
Wear-resistance [% AP/P] 0,020 0,028
K ds: structural i
eywor _S > ruc. .ura c?ram!cs, Cyclic fatigue resistance 50 % of static resistance 85 % of static resistance
YSZ, yttria-stabilised zirconia,
lftelh e feuelhness ) . Innovnano 2Y shock absorption capability is 2 times higher
& & g a R ion SRl than 3Y (for parts of the same thickness)
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Fig. 2 A-B Biaxial flexural strength was assessed before and after defect insertion using
piston-on-three ball system according to ISO 6872: (A) schematic representation of the
indented defect and corresponding crack length; (B) the introduced defect is placed face
down to ensure the pre-crack effect is taken into consideration

quenching in a fully automated system,
based on the detonation of two water-in-
oil emulsions in a single step reaction. The
energetic nature of EDS contributes to the
stabilisation of the zirconia. The result-

ant powders have a nanostructure — with
increased specific surface area — to which
the improved structural properties of hard-
ness, fracture toughness, flexural strength,
ability to sinter at lower temperatures,

and resistance to thermal shock are attri-
buted.

Using EDS, Innovnano produces a next-
generation structural ceramic 2YSZ with
all the desired properties of 3YSZ, as well
as the much sought-after added benefit
of improved fracture toughness, inherent
in lower yttria content zirconia. It offers a
flexural strength above 1000 MPa, with
fracture toughness significantly increased
from 5 to higher than 14 MPa - m®* when
compared with benchmark 3YSZ. It there-
fore provides an excellent alternative for
structural ceramic applications, either as a
ready-to-press powder or as the zirconia
component in zirconia-toughened alumina/
alumina-toughened zirconia (ZTA/ATZ) and
cermets.

A lower yttria content material
with improved ageing resistance

Independent stability and ageing tests have
been carried out to ensure the lower yttria
content does not adversely affect important
structural ceramic properties.
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Fig. 3 Biaxial flexural strength of bench-
mark 3YSZ and Innovnano 2YSZ tested
before and after defect creation

Cyclic stress-strain ageing tests in saline
solution (on Innovnano 2YSZ bars that
have undergone cold isostatic pressing
(CIP) and conventional sintering) were car-
ried out, with the test pieces all passing
the 1S0 13356 standard methodology of
1 million cycles at 320 MPa (maximum) and
20 Hz frequency, without failure. The four-
point bending strength was determined for
2YSZ bars before and after cyclic stress-
strain experiment, and after 10° cycles
under the described conditions only 13 %
of flexural strength was lost.

In addition, further cyclic stress-strain age-
ing experiments were successfully per-
formed (20 Hz, 10° cycles) using 1100 MPa
as maximum pressure, highlighting the
outstanding resistance of Innovnano 2YSZ
powders to mechanical ageing. When com-
pared to studies using 3YSZ in the literature,
the superior performance of Innovnano
2YSZ is further demonstrated, with one
study reporting that of 13 specimens tested
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at a maximum pressure of 650 MPa, none
achieved 10° cycles [1].

Hydrothermal ageing was also investigated
according to I1SO 13356 : 2015 methodol-
ogy using 2YSZ pellets produced by uniaxial
pressing and sintering. To fit the standard,
samples must retain 80 % of their flex-
ural strength following 5 h at 134 °C and
0,2 MPa. Innovnano 2YSZ exceeded this
standard to retain 85 % of its flexural
strength.

Testing the damage tolerance
of 2YSZ

Damage tolerance is another important
property for structural ceramics that has
been investigated for Innovnano 2YSZ.
According to the Griffith criteria, the flexural
strength of a ceramic part is both positively
affected by the material fracture toughness
and negatively affected by the intrinsic crit-
ical defect size. Based on this theory, two
materials with the same flexural strength
but distinct fracture toughness values can
react differently to defects. In the case of
2YSZ and 3YSZ, investigations showed that
both parts have the same flexural strength
but different fracture toughness values
(Tab. 1). This translates to a critical flaw size
of 1,76 um for 3YSZ and 13,83 um for 2YSZ.
This means that 2YSZ-based material can
support larger defects with better mechani-
cal properties, when compared with 3YSZ.
To assess these theoretical predictions, the
flaw tolerance behaviour of Innovnano
2YSZ was investigated in comparison with
benchmark 3YSZ. Uniaxial pressed disk
samples were prepared at 100 MPa in a
20 mm die and sintered at 1450 °C (3YSZ)
and 1350 °C (2YSZ) for 2 h. After sintering,
samples were mirror polished and different
size defects were purposely created using a
micro-indentation system with a Vickers tip,
using different loads applied for 15 s. Crack
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length is defined according to Fig. 2A. For
each applied load, 15 samples were pre-
pared, and their biaxial flexural strength
was assessed before and after defect in-
sertion, using piston-on-three ball system
according to 1SO 6872. Note that the intro-
duced defect needs to be placed face down
(Fig. 2B), otherwise the pre-crack effect will
not be taken into consideration in the me-
chanical test.

Fig. 3 compares the biaxial flexural strength
of benchmark 3YSZ and Innovnano 2YSZ
products before and after defect creation.
The undamaged parts of both products have
very similar flexural strengths that are in line
with the properties listed in Tab. 1. However,
when a defect is introduced in the ceramic
component, using the same applied load, the
parts prepared with Innovnano 2YSZ dem-
onstrate much higher mechanical properties
when compared with benchmark 3YSZ.

Summary

Using its unique synthesis method, Innov-
nano produces a disruptive product with
outstanding potential for structural cer-
amics applications that uniquely combines
the benefits of high fracture toughness
with desirable ageing and damage toler-
ance capabilities. Compared to benchmark
3YSZ, mechanical tests have shown that
Innovnano 2YSZ can support larger defects
with better mechanical properties.

A critical flaw size of 1,76 pm is measured
for 3YSZ, whereas 2YSZ can withstand
flaws up to 13,83 um. In addition, In-
novnano 2YSZ was shown to perform well
in ageing resistance tests and exceed the
standards in testing.
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