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ABSTRACT

Stabilized zirconia ceramics are in high demand for various high temperature applications as fuel cells, oxygen
sensors or protective barriers in aircraft. The use of additive manufacturing with polymeric binders do not
allow the application of manufactured zirconia ceramics units at high temperature. The present research
highlights the manufacturing of cubic yttria stabilized zirconia (YSZ) using Cos04-doped MgO-Ba0-B,0s glass
as a novel high-temperature binder. In order to produce ceramics, YSZ powder with 4 wt. % of glass binder
was milled in a planetary mill, compacted using isostatic cold pressing and annealed at 1500 °C for 2 hours.
Sol-gel co-precipitated YSZ powder with average particle size of 290 nm was used as a precursor. The
structure of ceramics was investigated via HR-SEM, EDS, XRD, hydrostatic weighting. In situ 3-point
bending strength measurement showed that the ultimate bending strength is 104 £10 MPa at room
temperature. Temperature increase induces the linear decrease of bending strength value. Fractography
tests revealed that the glass binder plays a key role in the mechanical behavior of the ceramics. The ways
to improve the mechanical behavior of ceramics are suggested.
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Introduction

Due to a set of its unique characteristics, Yttria Stabilized Zirconia (YSZ) ceramics is
considered as one of the most perspective materials of XXI century. Depending on the
type of zirconia allotrope it is widely used in the various fields of modern industry: cubic
zirconia is utilized in solid oxide fuel cells [1-5], high-temperature oxygen sensors [6,7],
optical sensors [8], tetragonal zirconia is used as a biomaterial for dentistry and orthopedy
[9,10], as thermal barriers coatings for aircraft [11], etc. The available literature data on
the YSZ mechanical properties mainly concerns the behavior of the tetragonal phase of
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zirconia or partially stabilized zirconia at room temperature or at presence of a moisture
[9,12-15]. Paper by L. Zhou et al. [16] reports the properties of yttria-stabilized zirconia
computed by molecular dynamics simulations depending on the crystal orientation. YSZ
structure here was obtained by random replacement of Zr* in ZrO, by Y**; in order to save
the charge neutrality, one oxygen atom was removed for every two Zr* replacements.
Rather high values of the Young's modulus (325-400 GPa at room temperature and
~ 325 GPa at 1000 °C) and Poisson’s ratio (0.45 and 0.4 at 25 and 1000 °C, respectively)
were obtained; note that the authors consider the temperature dependence of the
mechanical properties to be rather low. Authors of [17] performed a set of computations
for a wide range of zirconia-based objects: cubit, tetragonal and monoclinic ZrO,, pure
cubic YSZ and cubic YSZ (c-YSZ) doped by some metal oxides; density functional theory
was used for this task. In contract to [16], the difference in the mechanical properties
attributed to the different crystal orientation is considered to be quite significant: the
strain strength in the [100] direction is ~ 2.8 times higher than in the [110] one. The high
value of Young’s modulus (277 GPa), bulk modulus (239 GPa), shear modulus (106 GPa)
and Poisson’s ratio of 0.307 at room temperature are reported for cubic YSZ. The
experimental work [18] reports the study of the spark plasma sintered YSZ mechanical
properties. It should be noted that the obtained ceramics was quite porous, the best
porosity obtained at higher temperature and pressure values exceeds 10 % for tetragonal
YSZ. The drastic porosity effect on the YSZ mechanical properties is discussed: as an
example, Young’s modulus at minimal porosity is ~ 170 GPa, while at a maximal one
(40 %) it decreases down to ~5 GPa. Similar effect was also shown for the Vickers
hardness (~ 1050 and ~ 200 HVy3, respectively) and for the flexural strength (~ 320 and
~ 40 MPa, respectively). YSZ (8 % yttria) Young's modulus as a function of temperature
was studied by S. Giraud and J. Canel [19], ceramics here were synthesized from powders
by cold pressing at 250 MPa with a further annealing at 1350 °C for 3 h in air. The
following data were obtained for Young’s modulus, modulus of rigidity and Poisson’s ratio
at room temperature: 205, 78 GPa and 0.31, respectively. The authors report the
complicated Young’s modulus dependence on the temperature: it slowly decreases in the
temperature range up to 150 °C; this decrease is more evident at 150-550 °C. However,
an increase in the Young’s modulus value was observed at temperatures higher than
600 °C. Finally, rather high Young’s modulus value is reported for the maximal
temperature of 1000 °C - ~ 150 GPa. The work by T. Kushi et al. [20] deals with the
temperature effect of the elastic modulus and the internal friction of YSZ itself
(ZrossYo150193) and YSZ doped by a number of metal oxides; specimens under study were
produced within the traditional ceramic approach (cold pressing at 150 MPa with further
sintering at 1350 °C). The mechanical properties of the specimens were investigated in
an oxidizing and a reducing atmosphere (O, and H; additions to Ar) in the temperature
range from room to 1300 K. It was shown that the temperature behavior of the Young’s
modulus is similar to that reported in [19], the difference between the values typical for
both atmospheres seems to be rather low. Young’s modulus demonstrated some decrease
from ~210 GPa at room temperature to ~ 160 GPa at 1023 °C; the decrease in the shear
modulus was not so distinctive (~ 75 and 55 GPa, respectively), while the Poisson’s ratio
was not linear and demonstrated some increase from ~ 0.38 to ~ 0.4. A recent paper [21]
discusses the yttria contents effect of on the YSZ microstructure and mechanical
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properties. A conventional approach (sintering at 1550 °C for 2 h in argon) was used to
prepare the specimens, it should be noted that the obtained specimens were the mixture
of monoclinic, tetragonal, and cubic phases. The flexural strength of the studied materials
varied from 900 to 500 MPa depending on the yttria contents, the highest values were
obtained for the compositions with 3, 7, and 8 % of yttria. The authors stated that the
variations in the flexural strength value coincide with the variations in the monoclinic
phase contents. The work by X.Ren and W.Pan [22] considers the changes in the
mechanical properties of 8 wt. % yttria-stabilized zirconia ceramics due to the thermal
degradation of the metastable tetragonal phase. The specimens for the study were
manufactured using the powder air spraying to obtain metastable T' phase powders which
were then ball milled and sintered at 1450 °C for 5 min under a unidirectional pressure
of 50 MPa by the SPS method. Note that the samples cut for the mechanical testing were
additionally hardened by an annealing at 1300 °C for 1-24 h. The authors report the
following typical values for the samples depending on the metastable phase contents:
Vickers hardness in the range from 13 to 14 GPa, elastic modulus of ~ 229 GPa, bending
strength from 220 to 500 MPa, and fracture toughness from 4.0 to 5.4 MPa m¥2 The effect
of carbon nanotubes on the YSZ (3 % yttria) mechanical properties was investigated
in [23], SPS approach (60 MPa with a maximum sintering temperature of 1450 °C) was
used for the specimens production. The Young’s modulus of ~ 290 GPa, the shear modulus
of ~ 215 GPa, and the fracture toughness value of 4.1 MPa m¥? were reported for the pure
3YSZ samples at room temperature. The effect of the phase composition is discussed. The
effect of the thermal cycling on the mechanical properties of the tetragonal
polycrystalline YSZ is reported in [24]. Rather high flexural strength value of 776 MPa is
stated. The obtained values of the Young’s modulus demonstrated an evident decrease
with temperature from 206 GPa at room temperature to ~ 165 GPa at 850 °C, the thermal
cycling seems to produce fairly low effect on the Young’s modulus temperature behavior.

In summary, it can be stated that YSZ itself possesses rather high values of Young’s
and shear moduli, along with the bending (flexural) strength values. However, the
mechanical properties of the exact specimen are highly affected by a lot of material
characteristics: yttria contents, phase composition, synthesis approach, porosity, grain
size, thermal prehistory, etc.

One of the main problems, hindering the comfortable YSZ usage, is the well-known
difficulties dealing with manufacturing of the complex geometry pieces within the
traditional ceramic approaches. Despite the traditional approaches to allow the fabrication
of YSZ ceramics, they are often not cost-effective and often require the use of the additional
machining tools. Additive technologies providing the automated production of the pieces
with a precision geometry seems to be the evident decision of this problem; it is especially
effective for the units with a highly developed system of internal surfaces - channels and
cavities [12,25]. However, the use of the additive technologies for the production of ceramic
units is characterized by a number of serious limitations, the detailed analysis of such
limitations can be found in our recent work, see e.g. [26].

Modern approaches of the YSZ ceramic pieces production via additive
manufacturing include stereolithography, ink jet-printing, tape casting, selective laser
sintering (SLS), and selective laser melting (SLM) [25]. They are usually based on the use
of organic or inorganic binders. Typically, organic binders are rather universal for all
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ceramic materials including YSZ, asphotoreactive organic mixture provided by 3D CERAM
Sinto, France [12], various acrylate derivatives, as 1,6-hexanediol diacrylate (HDDA) [27],
2-hydroxyethyl methacrylate (HEMA) [28] or polyvinylpyrrolidone (PVP) binder.
Regretfully, the exploitation of the materials with such binders is usually restricted by
temperatures below 250-300 °C. In turn, such inorganic colloid binders as TiO; [29],
TisSiC;, CoAlL,O4 and ZrO; [30] provide higher exploitation temperatures. In [30], a
zirconium basic carbonate was used as a binder to print zirconia based ceramic parts.
Aqueoustetragonal zirconia-based inks with solid contents of 22 and 27 vol. % were used
in [31] to fabricate three-dimensional ceramic parts by the ink-jet printing. The sintered
ceramics reached up to ~ 97 % of the theoretical density. In both works, the focus was
made on the rheological properties of slurries. The effects of the structure, sintering
parameters on bending strength, compressive strength, and pore structure architecture
were not studied. It should be noted that to produce the part having high mechanical
properties, the binder should be matched with the ceramic matrix material according to
the Coefficient of Thermal Expansion (CTE) [32]. The use of the glass binder with the
same CTE as zirconia is prospective as such matching prevents the material destruction
upon heating. Thus, the present work aims he the possibility of the use of Cobalt oxide-
doped Mg0O-Ba0-B,0s glass (here and after Co-MBB glass) as a binder for the production
of YSZ matrix pieces by additive technologies. Model specimens produced using the
traditional ceramic approach were used for in-situ evaluation of the high-temperature
bending strength of such a material. The result obtained is the decisive for the whole
complex of further research - the possibility of the significant increase of the material
exploitation temperature range is shown comparing with 250-300 °C limit typical for the
materials produced using organic binders.

Methods

YSZ powders synthesis

The synthesis of 9Y,0:-917r0, (YSZ) powders with the mean particle size of 290 nm was
carried out using the co-precipitation approach followed by freeze-drying described in
details in [33,34]. Yttrium and zirconyl nitrates hydrates Y(NOs);x6H,0 (Acros organics,
Geel, Belgium, 99.9 %) and ZrO(NOs),x6H,0 (Acros organics, Geel, Belgium, 99.5 %) were
utilized to prepare a 0.1 M aqueous mixed salt solution. A resulted salt solution was added
dropwise to 1 M aqueous ammonia solution (LenReactiv Ltd, St. Petersburg, Russia, c.p.)
at a rate of ~1-2 mL/min. The precipitation was performed at ~1-2 °Cin an ice bath; the
pH of the solution was controlled to be ~ 9-10 during the synthesis. To remove reaction
byproducts, the obtained gel was filtered and rinsed by distilled water until the neutral
pH was reached. The precipitate of mixed hydroxides was then freeze-dried (Labconco,
1L-chamber, Kansas City, MO, USA; 20 °C, 24 h, P = 0.018 mm Hqg). The obtained powder
was annealed at 650 °C for 3 hours, and then it was milled in a planerary mill (400 rpm,
12 reverse cycles of 5 minutes each, Pulverisette 6, Fritsch, Germany).
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Co-MBB glass

A glass with 30Mg0-35Ba0-35B,0; (mol.%) composition (further, MBB glass) was produced
as follows: the starting reagents MgO, Ba(OH),x8H,0, and Hs:BO: (all LenReactiv Ltd,
St. Petersburg, Russia, 99.98 %) were mixed in the required proportions; the mixture was
ground in a porcelain mortar to a homogeneous powder (typical particle mean size
~ 15-25 pm, maximal < 40 pm). The obtained powder was kept in an alundum crucible at
1100 °C for about ~ 3 hours until the end of the gases release. The temperature was then
increased up to 1250 °C, the glass was exposed at that temperature for 1.5 hours and then
poured on a steel plate. As it was shown in [35], CTE of such glass in the temperature range
from room to 1000 °Cis close to that of YSZ [32]. Unfortunately, the obtained glass was fairly
colorless and transparent making it quite inefficient as a binder in additive manufacturing,
as Selective Laser Synthesis and Selective Laser Melting (SLS and SLM) approaches. To
overcome this problem, MBB glass was doped by cobalt oxide Cos04 as follows. Commercially
available Cos04powder (mean size 18 ym, maximal particle size < 40 ym) was added to MBB
glass powder in the ratio 100 g MBB glass powder / 4 g Cos04 powder, the resulting powder
was thoroughly mixed, the technology of glass baking was the same. The resulting glass has
an evident blue color (Fig. 1) making it suitable for SLS / SLM approaches. At that, the
relatively small addition of the cobalt oxide should not noticeably change the glass CTE.

Fig. 1. Comparison of MBB glass (a) and Co-doped MBB glass (b)

In order to use the manufactured Co-MBB glass as a binder for ceramics
manufacturing, the obtained material was crushed into powder using mortar and pestel.
The high resolution scanning electron microscopy (HR-SEM) photos obtained in the
scattered electron (SE) mode and back-scattered electron (BSE) mode of the resulted
powder for a better contrast are presented in Fig. 2.

As seen, glass powder after crushing consists of the coarse particles with the sizes
up to ~ 200 um. However, due to the fragility of glass, individual particles of 10-20 um
are also present in the powder (see Fig. 2(b)). The BSE mode allows better phase contrast.
The typical particles are non-porous with the glassy-Llike fracture surface. The use of the
MBB powder as a binder requires additional milling in a planetary mill. According to the
EDS spectra obtained for the glass powder, the chemical composition of obtained glass
corresponds to the MgO:Ba0O = 1.28 and differs from the initial mixture. Surely, long-term
annealing is accompanied by the change of the glass binder composition due to intensive
Ba(BO,), evaporation, more heat resistive composition enriched by MgO is formed.
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However, estimates of the composition changes according to [36] indicate the minor
effect of low-volatile components evaporation in the discussed case.

Fig. 2. HR-SEM photos of powdered Co-MBB glass: (a) SE mode, magnificationx200, (b) magnification x 5000

YSZ ceramics manufacturing

YSZ and Co-MBB glass powders taken in a ratio of 95 and 4 wt. %, respectively, were
mixed in Pulverisette 6 planetary ball mill (250 rpm for 1 hour), placed in a steel press
form (& 50 mm, height ~ 15 mm) and subjected to isostatic cold pressuring (15 tons/cm?
for 20 min). Resulting disks were loaded on a corundum wafer and annealed at 1500 °C
for 2 hours. After cooling to room temperature, specimens for bending strength tests
(4 x5 x 45 mm beams) were cut using Isomet 4000 precision saw. The final specimen
preparation step was the final material hardening by annealing at 1400 °C for 2 hours.

Structure measurements

The phase composition of powders and ceramics after the synthesis and consolidation
was investigated by X-Ray diffraction analysis (XRD). The XRD patterns were registered
using SHIMADZU XRD-6000 (CuKq=1.54 ,&, 20=10-80°, scan speed 0.02%min), reflexes
identification was carried out using PDF-2 database (release 2021). Microstructures and
the chemical compositions of glass binder powder and polished ceramics were analyzed
using high resolution scanning electron microscopy (HR-SEM, Zeiss Merlin, accelerating
voltage 20 eV, equipped by a console for Energy-dispersive X-ray spectroscopy, EDS).
Fracture surfaces of the ceramic samples after the bending tests were also analyzed in
HR-SEM (Zeiss Merlin, accelerating voltage 20 eV). Apparent density of YSZ ceramics and
ceramics after the mechanical tests at 19 and 1127 °C was measured by hydrostatic
weighting technique (scales RADWAG 220 c/xc, Poland). Each sample was measured in
the air and then in octane. The results were averaged for 3 parallel measurements of each
sample. The theoretical density of material was calculated using the rule of mixtures. The
theoretical density of the cubic YSZ ceramics was taken from crystallography data to be
5.96 g/cm? [37] and MBBO density to be 3.67 g/cm? [35].
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In-situ 3-point bending strength measurements at high temperatures

In-situ estimation of 3-point bending strength at high temperatures was carried out as
follows. We used a laboratory homemade setup based on the principles recommended by
ISO 5014:1997 (Dense and insulating shaped refractory products, Determination of
modulus of rupture at ambient temperature). The recommended 3-point scheme
(supports - fused silicon carbide, load - tantalum rod) was realized inside the induction
heated graphite cylinder, the temperature was measured by WR5-WR20 thermocouple
placed directly on one of the supports, the measurement accuracy was * 2 °C. The applied
load was measured using Megeon 4500 dynamometer placed in a cold zone, the
measurement accuracy was * 1 %. Note that the working volume of the measuring cell
during the high temperature measurements was filled by an inert gas (Ar, 99.99 wt. %) to
prevent the graphite cylinder and metallic pieces of the measuring cell (Ta, Mo) oxidation.
The data was averaged for 5 samples.

Results and Discussion

Typical XRD patterns for the ceramics after sintering at 1500 °C for 2 hours and after the
bending strength tests at 1100°C are presented in Fig. 3.

As seen from Fig. 3, YSZ ceramics after sintering corresponds to the high crystalline
single phase cubic solid solution with no admixtures of the other phases. All reflexes in the
XRD pattern corresponds to cubic fluorite-like structure (space group Fm3m, point group 225).
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Fig. 3. XRD patterns obtained for the ceramics after sintering (a)and after bending strength tests at 1115 °C (b)
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The microstructure of ceramics after sintering with Co-MMB glass binder and EDS
elemental maps of Zr, Mg, Ba and O are presented in Fig. 4. Overall structure of ceramics
contains some voids and pores, it is in accordance with the relative density of ceramics
after sintering, being of 81.80 £ 0.11 %. The structure of the ceramics consists of well-
defined grains with the typical sizes from 10 to 40 um divided by rather thick grain
boundaries (see Fig. 4(a)). Under higher magnification using the BSE mode for better
phase contrast, one can see that a typical grain boundary is filled up by a transparent
glassy phase. (see Fig. 4(b)). The ceramic grains are bonded together with the glassy wires.

The EDS mapping taken from the polished surface of ceramics (Figs. 4(b,c,f)) shows
that zirconium is located only in the ceramics grains, whereas oxygen element is spread
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between grains and grain boundaries and concentrated in the grain boundaries. Such
elements as Mg and Ba are also located in grain boundaries only, corresponding to the
Co-MBB glass (Figs. 4(b,c,f)). It should be noted that B is too light element to be detected
by EDS, while the Co contents is too low to be detected.

Fig. 4. HR-SEM images of (a) and (b) ceramics after sintering with Co-MMB glass binder, (c) EDS map of Zr,
(d) EDS map of Mg, (e) EDS map of Ba, and (f) EDS map of O taken from HR-SEM image

Figure 5 presents the results of the bending stress tests, the temperature scheme of
the test was as follows. First, reference values were obtained at room temperature (25 °C),
they were compared with the data at 1000 °C. Measurements at intermediate
temperatures (600 and 800 °C) provide an opportunity to understand the type of the
bending strength vs temperature dependence. At the final step, the temperature was
increased up to the value of the specimen break under the weight of the dynamometer
without any additional load application.
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Fig. 5. Temperature dependence of the bending strength of YSZ ceramics with Co-MBB binder
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As seen from the figure, the initial ultimate bending strength of the YSZ specimens
studied (> 100 MPa) is typical for cubic yttria stabilized zirconia ceramics [6,38]. The evident
decrease (~ 3 times) in the bending strength limit value is seen for the temperature of
1000 °C. Accounting for the data taken in the intermediate points, one could assume the
linear character of the dependence. The break of the specimens under the dynamometer
weight without any additional load application occurred at temperatures ~ 1115 °C.

A set of experiments was carried out to understand the above material behavior.
First, the phase composition of the specimen after bending tests at high temperature was
studied by XRD (Fig. 3(b)). The results, presented in Fig. 3(b), demonstrate the constancy
of the YSZ matrix phase composition: the position of the reflexes obtained for the initial
specimen (Fig. 3(a)) are the same as those for specimen tested at 1115 °C (Fig. 3(b)).
In-situ bending test induces a slight change of the intensity of the reflexes at
20 =51 and 59° in the XRD pattern for ceramics. That is likely due to the texturing of
ceramics exposed to in situ 3-point bending test at high temperature.HR-SEM and
fractography analysis were performed to understand the state of the glass binder phase
and to characterize the nature of the specimens fracture (see Fig. 6).

Fig. 6. HR-SEM images of (a) and (d) polished cross-section of ceramics with Co-MMB glass binder after
fracture at 1115 °C in BSE mode; (b) and (e)cleavage surfaces for ceramics after mechanical tests at room
temperature, SE mode (c) and (f) cleavage surfaces for ceramics after mechanical tests at 1115 °C, SE mode

The structure of YSZ ceramics after mechanical tests at 1115 °C remains unchanged
(see Fig. 6(a,d)). The relative density of ceramics increases slightly up to 86.10 £ 0.07 %.
The results of the fractography tests are of particular interest. Analyzing the above data,
one can consider that the specimen’s breakage is related to the Co-MBB glass binder
state. Indeed, all cleavage surfaces are characterized by the glass binder presence and
drastically differ from those typically observed for YSZ ceramics. An amorphous fracture
is observed both at room and at high temperature. Upon the temperature increase, glass
binder plays a key role in the bending strength decrease. Glass softening induces twice
decrease in bending strength at 600 °C and its melting cause the bending strength values
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drop almost to zero at 1115 °C. Indeed, according to the data on MgO-Ba0-B,0s phase
diagram [23], the melting temperature for the compositions similar to MBB glass
composition should be ~ 1170-1200 °C, similar value can be expected for the Co-MBB
glass due to small amount of the cobalt oxide additive. It is worth noticing that
amorphous fracture also takes place for ceramic grain. It may indicate that longer
sintering time is necessary to achieve better formed structure.

In summary, the use of novel Co-MBB glass based inorganic binder is with no doubts
prospective since it would allow increasing the temperature range of exploitation of the
additively manufactured YSZ ceramics compared to the existing data on organic binder
used for zirconia ceramics production via AM. The results obtained can be concerned asa
basis for further comprehensive research including the optimization of the annealing and
quenching temperatures and duration to eliminate binder predomination in the fracture;
determination of the CTE of Co-MBB glass, manufacturing of YSZ ceramics via SLS and
the detailed study of the structures and mechanical characteristics of such ceramics.

Conclusions

Using XRD it was shown that YSZ ceramics with the glass binder corresponds to a single
phased cubic fluorite-like zirconia solid solution. Using HR-SEM and EDS mapping it was
confirmed that the structure of ceramics consists of micron-sized grains separated by the
thick grain boundaries filled up with the glassy binder. The relative density of ceramics
increases from 81.80 £ 0.11 to 86.10 * 0.07 % upon the testing temperature increase from
room to 1115 °C with no change in the phase composition of ceramics. In-situ 3-point
bending strength showed that the temperature increase induces the linear decrease of
bending strength value from 104 + 10 to 31 £ 3 MPa. Fractography tests revealed that
amorphous fracture takes place at all temperature range studied, and the glass binder
plays predominant role in the mechanical behavior of ceramics.
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