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Abstract
Transparent yttria-stabilized zirconia (YSZ) ceramics were sintered with the SPS method in different conditions. The

optical and corresponding mechanical properties of the sintered samples were studied. A parameter for optimizing SPS
processing has been suggested which characterizes optical transparency versus sample thickness. The dynamic evolu-
tion of the swelling areas over time after local indentation of transparent YSZ ceramics was shown. The appearance of
spalls from the swelling areas depends on the degree of internal mechanical stresses in the given region of the sample
and is explained by the relaxation of stresses accumulated on deformation during static indentation.
Keywords: YSZ, transparent ceramics, optical properties, mechanical properties, indentation, swelling, spalls, stress relaxation dynamics

I. Introduction
Yttria-stabilized zirconia (YSZ) ceramics exhibit a
unique combination of mechanical and optical properties
including high values of fracture toughness, refractive in-
dex, oxygen diffusivity and low thermal conductivity 1, 2.
Therefore, studies of transparent YSZ ceramics having
tetragonal or cubic crystalline structure are of immediate
interest. The presence of oxygen vacancies in this mate-
rial allows a shift in the spectrum of light transmission in
the IR region, which makes such ceramics promising for
application as IR windows 3.
For the manufacture of transparent ceramics, including
YSZ, the SPS method (spark plasma sintering, or pulsed
electric current sintering) is used, as this allows the pro-
duction of ceramics with good optical properties 1, 3 – 9.
Lei et al. 4 showed that optical transparent YSZ-ceram-
ics may be obtained with the SPS method at a tempera-
ture of 1300 °C and compacting pressure of 50MPa. H.B.
Zhang et al. sintered transparent YSZ ceramics with the
SPS method at a higher pressure of 400MPa and sinter-
ing temperature of 1050 – 1200 °C 5, 6. Garay et al. 7, 8 ob-
tained transparent YSZ ceramics with the SPS method
and 2-stage compaction (under 106MPa and then under
141MPa). The relationship between the thermal conduc-
tivity andgrain size of transparentYSZceramicsmanufac-
tured with the SPSmethod is analyzed in the work 9.
In contrast with other optical transparent ceramic ma-
terials (Al2O3, MgAl2O4, YAG, Y2O3), changes in the
elastoplastic properties of transparent YSZ ceramics in re-
lation with optical properties have not been studied suf-
ficiently. Garay et al. 7, 8 defined the fracture toughness
for transparent 8YSZ ceramics (cubic structure of zirco-
nia)as 3.1MPa⋅m1/2, that is higher than the value of frac-
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ture toughness of sapphire single crystal (1.2MPa⋅m1/2)
and polycrystalline Al2O3 (1.8MPa⋅m1/2). It is noted that
themechanical properties (hardness and toughness) of op-
tical transparent YSZ ceramics are sensitive to the concen-
tration of grain boundaries. Anselmi-Tamburini et al. 10
estimated the hardness of cubic zirconium ceramics as
13.3GPa, this value is 3% lower than that of one of its sin-
gle crystals. The Young‘s modulus for opaque 8YSZ ce-
ramics was defined by Lakki et al. 11, its value is 200GPa,
that is close to the Young‘s modulus of YSZ single crys-
tal (233 GPa 12). Optical and corresponding mechanical
properties of transparent YSZ ceramicswere presented by
Tsukuma et al. 2: the ceramics had a Young’s modulus of
200GPa, fracture toughness was 1.8MPa⋅m1/2, and the
hardness measured according to the Vickers method was
11.76GPa at in-line transmission 74%.
A negligible influence of the grain size of nanocrys-
talline, opaque 8YSZceramics sinteredwith variousmeth-
ods (SPS, hot pressing, conventional sintering) on their
microhardness (12.5 – 13.5GPa) and fracture toughness
(1.5 – 1.3MPa⋅m1/2) was shown by Dahl et al. 13. Elasto-
plastic properties of partially stabilized zirconia 2Y-TZP
(tetragonal crystalline structure) were studied in 14 and
in 15 – 18 for translucent dental 3Y-TZP.
However, the named works only state values of elasto-
plastic parameterswith optical properties that correspond
to these samples.Thebehaviorof transparentYSZceramic
under local loading (indentation) and the aftereffect after
unloading remain unstudied.
In this connection, the present work is devoted to the
study of the relationship of the optical properties of trans-
parent YSZ ceramics with its elastoplastic characteristics
as well as dynamics of its deformation and failure after lo-
cal static loading (indentation).
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II. Experimental Procedure
For the study, we used commercially available granu-
lated cubic zirconia (ZrO2) nanopowder stabilized with
10mol%Y2O3 (TZ-10Y, TosohCorp.). The purity of the
powder was 99.9%, the average particle size was 90 nm,
the specific surface area was 6 ± 2 m2/g.
Thepowderwas consolidatedwith theSPSmethodusing
an SPS-515S installation (Syntex Inc.). The sintering con-
ditions of the YSZ ceramics are presented in Table 1.

Table 1: SPS conditions for YSZ ceramics samples.

Sample�
Sintering
tempera-
ture, (°C)

Heat-
ing rate,
(°C/min)

Dwell
time at max.
temper-

ature, (min)

Com-
paction
pressure,
(MPa)

Cer1 1300 10 10 72

Cer2 1400 93 10 72

Cer3 1300 93 10 72

Cer4-ox 1300 10 10 72

Sample Cer4-ox was annealed in air at a temperature of
1000 °C for 2 h for partial saturation of oxygen vacancies.
The optical characteristics of the sintered ceramics were
measuredwith adouble-beamUV-1800 spectrophotome-
ter (Shimadzu).
The elastic and plastic characteristics and microhard-
ness of sintered YSZ-ceramics were studied based on the
method of indentationwith theVickers pyramid in “load-
ing-unloading” mode with a DUH-211S dynamic ultra-
micro hardness tester (Shimadzu) at a load of 1.96N.
Measurements of the microhardness were performed
with a PMT-3M (LOMO) microhardness tester at a load
of 1.96 N using the standard method of indentation with
the Vickers pyramid. Fracture toughness was measured
with the same installation under a load of 4.9 N.
All measurements of the elastoplastic characteristics of
the sampleswere performed after these had been polished.
The coefficient of fracture toughness K1c is calculated
on the basis of measurement of the lengths of the radial
cracks forming under indentation according to Niihara’s
formula 19:

K1C=0,035
Hνa
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Φ
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a

)- 12 (
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EΦ

)- 25
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HereHV is the hardness; E is the Young’s modulus; a is
theVickers indenthalf-diagonal; l is the lengthof the radial
(Palmqvist) crack from the Vickers indent; 0.25 ≤ l/a ≤ 2.5
for Palmqvist cracks;U is the constraint factor (≈ 3).
Lateral cracks in transparentmaterials formingbelowthe
sample surface andpropagatingoutward fromedges of the
Vickers pyramid are fixed with an optical microscope in
the form of light segments – “petals”, the area of which
can be measured. Changes of these areas in the time were
fixed in the periods from 1 min to 72 h using an optical
microscope and a VEC-335 digital camera.
The topology of areas of local failure on the samples’
surfaces around the indent (under indentation loads of

49 – 98.1N)was studied using aMicromeasure 3D Station
(STIL) profilometer.
The geometric parameters of the failure on the obtained
images were calculated using “Image J” software.

III. Results and Discussion

(1) Optical properties
The main part of the light transmission spectrum of the
studied samples is within the short-wave region of in-
fraredwavelengthrange (k>1lm,Fig. 1).Theoptical char-
acteristics of ceramics obtained at various temperatures
differed from each other. In-line transmission of sam-
ple Cer3, sintered at temperature of 1300 °C was 24.5%
greater than that of sample Cer2 (the sintering tempera-
ture was 1400 °C), and the optical density is 0.6 less. Such
a significant difference in the optical properties can be ex-
plainedwith the fact that increasing sintering temperature
leads to increasingconcentrationofoxygenvacancies, and,
as a result, the transmission spectrum is displaced in the
IR region. These results are consistent with the work 5 in
which the authors found that light transmittance of YSZ-
ceramics depends significantly on the sintering tempera-
ture.

Fig. 1: Spectra of the light transmittance for the studied YSZ ceram-
ics samples.

Fig. 1 shows that subsequent annealing in an oxygen-
containing atmosphere improves the optical properties of
YSZ ceramics owing to filling of the oxygen vacancies in
the structure of YSZ as a result of oxygen diffusion 5, 6.
Therefore, in-line transmission of sample Cer4-ox in the
middle of the visible range (k = 555 nm) after the thermal
annealing in air increased to 11.9%, and in infrared range
(k = 1620 nm) increased to 69.7%.
Table 2 shows the values of the optical properties of re-
searched samples.
Theanalysis showedthatopticalpropertiesof the studied
ceramics can be described with Eq. (2), which relates the
optical densityD of the ceramics for the givenwavelength
kwith sample thickness h:

D
h
=

1

k · ln
(

λ
λ0

)
+h0.1

(2)

where k is the current wavelength of radiant flux through
the sample, k0 =740nm is thewavelengthof the left edgeof
IR-range, k is the rate of decreasing optical density versus
k0 increase,h0.1 is the sample thickness atwhich the radiant
flux having k0 = 740 nmwill attenuate ten times.
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Table 2:Optical properties of YSZ ceramics samples.

Sample In-line transmittance
at k=555 nm (%)

In-line transmittance
at k=1620 nm, (%)

Optical density
D per 1 mm thickness
at k=1100 nm (mm-1)

Optical quality,
(mm/nm)

Cer1 0 42.48
[±0.13]

0.36
[±0.01]

4.06

Cer2 0.10
[±0.01]

23.79
[±0.07]

0.93
[±0.01]

0.67

Cer3 0.02
[±0.01]

48.26
[±0.14]

0.33
[±0.01]

5.09

Cer4-ox 11.91
[±0.03]

69.76
[±0.20]

0.15
[±0.01]

24.5

Fig. 2: Ratio of the YSZ sample thickness h and optical density D
vs wavelength of radiant flux k through the sample.

Fig. 2 presents the obtained dependence of the thickness
h and optical density D of the YSZ sample on the wave-
length of the radiant flux k through the sample.
Obviously, the maximum values of coefficients k, h0.1
characterize the ceramics samples with the best optical
properties. The product (k⋅h0.1) has the highest value for
the sampleswith the best optical properties (Cer4-ox – the
annealed sample and Cer3 of the non-annealed samples) –
Table 2, thatdoesnotcorrelatedirectlywith theSPScondi-
tions–Table1.Therefore, acomplexparameter (k⋅h0.1)can
be regarded as the parameter of “optical quality” and can
be used to optimize SPSmodes of transparent ceramics.

(2) Mechanical properties
As a characteristic of the scale of change of the sample
surface relief around the indents after indentationwith the
diamondVickerspyramidweused the total areaof the four
segments around each indent that have shapeof “petals” as
a result of the swelling surface (Fig. 3):

S = SA + SB + SC + SD (3)
Areas Si were measured using the “Image J” code. It
was shown experimentally that after indentation the total
area S increases with time t according to logarithmic law
(Fig. 4):

S(t) = v1⋅ ln t + S1 (4)
where v1 is the instant growth rate of the swelling area
within 1 minute after indentation time t0 (the constant);
S1 is the total area of swelling within 1minute after inden-
tation (the constant).

Fig. 3:Designation of the areas with lateral cracks under the sample
surface around the indent (the Cer3 sample).

Fig. 4: Total area of the failure regions around the indent vs time
after indentation.

Determination of coefficients v1 and S1 of Eq. (4) for the
studied samples of transparent YSZ ceramic allows qual-
itative estimation of the dynamics of their surface failure.
Such local failure is explainedwith the relaxation of stress-
es, accumulated upon deformation in the process of static
indentation.
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Table 3:Mechanical properties of the transparent YSZ ceramics.

Sample
Young
modulus,
(GPa)

Micro-
hardness, (GPa)

Fracture
toughness,
(MPa⋅m1/2)

Growth rate
of swelling area
v1, (µm2/min)

Total swelling
area S1, (µm2)

Optical
quality (k⋅h0.1),
(mm/nm)

Cer1 107.5
[±1.6]

14.24
[±0.21]

3.08
[±0.04]

285.6 3216 4.06

Cer2 103.0
[±1.5]

14.02
[±0.21]

3.05
[±0.04]

305.7 1826 0.67

Cer3 107.9
[±1.6]

14.37
[±0.21]

3.11
[±0.04]

259.3 1854 5.09

Cer4-ox 170.7
[±2.6]

13.95
[±0.20]

2.23
[±0.03]

- 2416 24.5

Parameters v1 and S1, aswell as the corresponding values
of Young’s modulus, microhardness, fracture toughness,
and the complex parameter (k⋅h0.1) for the studied sam-
ples, are presented in Table 3.
Fig. 5 shows the dependences of the instant growth rate
of the swelling area v1 for non-annealed YSZ samples
versus creep at the indentation (Fig. 5a), microhardness
(Fig. 5b), fracture toughness (Fig. 5c), andcomplexparam-
eter (k⋅h0.1) (Fig. 5d).
Monotonic correlation of behavior v1 is observed with
the elastoplastic characteristics of non-annealed sam-
ples: creep at indentation Cit, microhardness HV, frac-
ture toughness KIc as well as with complex parameter of
optical quality (k⋅h0.1).

The dependences presented in Fig. 5 reflect processes of
relaxation of mechanical stresses accumulated upon local
surface deformation of transparent YSZ ceramics in the
indentationprocess anddemonstrate the correlationof the
elastoplastic properties of the ceramics with the complex
parameter of optical quality (k⋅h0.1).

The formation of swelling regions and their subsequent
spalling after indentation of the samples were observed
experimentally, and this process evolved with time.

Images of spalling around the indents in the studied
YSZ samples with time after indentation are presented in
Figs. 6 – 8.

Fig. 5: Correlations of the instant growth rate of the swelling area v1 with creep at indentation (a), microhardness (b), fracture toughness (c)
and parameter of optical quality (k ⋅ h0.1) (d) for the non-annealed YSZ samples.
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Fig. 6: Evolution of the local failure areas around the indent in
the Cer3 sample with time after indentation: (a) in 1 minute after
indentation, (b) in 2 minutes, (c) in 3 minutes, (d) in 5 minutes after
indentation. Indentation load 4.9 N.

Fig. 7: Evolution of the local failure areas around another indent in
the Cer3 sample with time after indentation: (a) in 1 minute after
indentation, (b) in 2 minutes, (c) in 3 minutes, (d) in 6 minutes
after indentation. The spalls were not observed. Indentation load
4.9 N.

Fig. 8: Evolution of the local failure areas around the indent in
the Cer1 sample with time after indentation: (a) in 1 minute after
indentation, (b) in 24 hours after indentation. Indentation load
4.9 N.

Growthof local failure areas around the indentwith time
is explained as follows. Under loading by the indenter, ra-
dial cracks propagating from the indent angle are formed
first. As the load increases, the average length of the cracks
increases, and median cracks are formed between the ra-
dial cracks. The latter also grow and intersect the radial
cracks forming a crack network in a shape close to half-
disks (“petals”) in the segments adjacent to indent edges.
Then, a series of sub-surface cracks appears, which are lo-
cated between radial ones and propagate parallel to sur-
face,which is observed as swelling of the segment. The du-
ration of the growth of the swelling area may vary from a
fewminutes to several hours – depending on the degree of
internal mechanical stresses in this sample region.
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After unloading, high tensile stresses appear around the
deformed zone and lead to crack growth up to the sur-
face. Relaxation of accumulated local stresses may lead to
spalling of any segment.

Similar patterns of aftereffect at the indentationwere ob-
served byNosov et al. 20 for corundum single crystals and
they noted that the spalling process has a probabilistic na-
ture: spalling has been observed only in 15 – 20%of stud-
ied indents.

Fig. 9: Local failure areas around the indent in the Cer2 sample
at different indentation loads: (a) 4.9 N, (b) 98.1 N, (c) 49 N, (d)
magnified image of the indent (c).

Time from unloading until spalling of the segments in
the studied samples of YSZ ceramics can last from several
minutes to tens of hours. For example, for theCer1 sample
this period lasts about 24 hours (Fig. 8).
The white color of swelling areas around the indents is
explained with effects of light transmission through sub-
surface crack networks in transparentYSZ ceramics. Since
the depth of the swelling segment varies from the indent
edge to the segment periphery, on illumination an inter-
ference pattern is observed that reflects the formation of
subsurface lateral cracks 21.
Fig. 9 shows failure areas of the Cer2 sample surface un-
der different indention loads: 4.9N, 49N and 98.1N.Un-
der the highest load, spalling of one segmentwas observed
(Fig. 9-b).
The results of surface profilometry of the relief of the
YSZ ceramic samples in the vicinity of the indent are pre-
sented in Figs. 10 a, b, c. Scanning of the ceramics surface
was started from the point out of the failure area (“0”),
passed through the indent and/or through the swelling re-
gion – up to the undestroyed area (point “l”). The profilo-
grams reflect the height of the swelling regions, and the
crack depth in the studied areas of the YSZ ceramics.
Thus, itwas shownthat indentationofoptically transpar-
ent samples of YSZ ceramics leads to formation of com-
plex patterns of deformation and failure of the surface in
the vicinity of the indents that are changed with time af-
ter unloading. Formation of spalls from the swelling area
has a probabilistic nature, it depends on the degree of in-
ternal mechanical stresses in the given sample region, and
is explained by the relaxation of stresses accumulated up-
on deformation in the process of static indentation.

Fig. 10: Profilograms of the surfaces around indents in YSZ ceramics at different indentation loads: a) 49 N; (b), (c) 98.1 N. Along the x-axis
- length of the scanned region in mm; along the y-axis -height of the failure profile in µm.
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IV. Conclusions
1. Transparent YSZ ceramics were produced bymeans of
spark plasma sintering and showed in-line transmit-
tance up to 12% in the visible range (k = 555 nm) and
around 70% in the middle IR-range (k = 1620 nm).

2. Aparameter foroptimizationof theSPSprocessinghas
been suggestedwhichcharacterizesoptical transparen-
cy vs sample thickness. This parameter correlates both
with optical and mechanical properties of transparent
ceramics.
It is the product of constant coefficients (k⋅h0.1) - rate
of decreasing the optical density versus k increase, and
sample thickness at which the radiant flux will atten-
uate tenfold. This parameter has no direct correlation
with the SPSmodes, but its maximum value character-
izes thebest optical andmechanical properties of trans-
parent YSZ ceramics. Thus, it is necessary to choose
such modes of SPS process (temperature, pressure,
their rate) for manufacturing optical transparent YSZ
ceramics wherein said optimization parameter takes
the maximum value.

3. Transparent YSZ ceramics after local indentation
showed the dynamic evolution of the swelling areas
with time, which reflects the dynamics of the local sur-
face failure caused by the relaxation of stresses after
indentation.

4. The appearance of spalls from swelling areas has a
probabilistic nature, depending on the degree of inter-
nal mechanical stresses in a given sample region, and is
explained by relaxation of stresses accumulated upon
deformation in the process of static indentation.

5. Better optical properties are exhibited by YSZ sam-
ples with higher microhardness and fracture tough-
ness, lower creep and slow relaxation of stresses af-
ter local indentation (lower instant growth rate of the
swelling area). This correlation is observed for non-an-
nealed samples having oxygen vacancies.
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