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The eﬀect of yttria concentration (0-33.4 mol%), extraction rates (0.17, 0.33, 0.50, and 0.67 mm s-1), and the number of layers (up
to four) on the phase content, surface defects, thickness, hardness, adhesion strength, and wear rate of yttria-stabilized zirconia
coatings produced by sol-gel/dip-coating were studied for its use on thermolabile substrates. At 700°C, a metastable tetragonal
phase (t ″ ) was obtained even with 33.4 mol% yttria when heat treated for 24 hours; however, a fully cubic structure was
attained by extending the heat treatment up to 48 hours as conﬁrmed by Raman spectroscopy. Furthermore, it was necessary
to use withdrawal speeds of at least 0.67 mm s-1 to produce defect-free coatings. Although the coatings were produced at low
temperature, they showed 41% lower wear rate than steel and an adhesion strength of 30 MPa. Our work stresses the
importance of the heat treatment history on the stabilization of the cubic phase in sol-gel YSZ coatings.

1. Introduction
Yttria-stabilized zirconia (YSZ) due to its low thermal conductivity, chemical inertness, radiation resistance, and high
mechanical properties has been proposed for a wide range
of applications in the nuclear industry, such as inert matrix
fuel, diﬀusion barrier to avoid fuel-matrix interaction, sacriﬁcial coatings, and thermal insulator, among others [1–6].
However, some of these applications require the deposition
of YSZ at low temperatures (for example, 1050°C on T91
steel or 800°C on Ni alloys) to avoid phase changes or considerable reductions on mechanical properties on thermolabile substrates [3, 7, 8]. In addition to this requirement, for
nuclear applications, the production of YSZ with a fully
cubic structure is also desirable to increase its tolerance to
neutron irradiation [9–12].

Overall, among the diﬀerent deposition techniques available to deposit YSZ, sol-gel/dip-coating is comparatively
simple, cost-eﬀective, and capable of producing coatings at
low temperatures [13]. However, a common feature associated with the deposition of YSZ thin ﬁlms and coatings
through sol-gel/dip-coating is the production of materials
with cracks or defects if the heat treatment or deposition
conditions are not controlled [3, 14–16]. For example, it
has been observed that coatings thicker than 200 nm are
prone to cracking due to the release of gases, thermal mismatch between the coating and the substrate, and internal
stresses during heat treatment [17–19]. Crack formation
can be reduced or avoided by controlling the sol-gel fabrication route (for example, using complexing agents aﬀecting
the hydrolysis and condensation reactions or by modifying
the viscosity of the gel), the extraction rate, and heat
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treatment temperature or by depositing several consecutive
coatings for the purpose of ﬁlling the cracks that are generated [14, 16, 19–21]. Higher heat treatment temperatures
tend to reduce the formation of cracks, whereas the deposition of a multilayer system can result in coatings with lower
wear life and reduced performance at high temperature due
to a weak bonding between each ﬁlm [22, 23]. Furthermore,
some reports have shown that the cubic phase, needed for
nuclear applications, is not favorable below 800°C, resulting
in the formation of a tetragonal phase even with 18.2 mol%
yttria at 1150°C due to the limited diﬀusion at those low
temperatures [16, 21, 24]. Therefore, it is important to study
the production of YSZ at low temperatures to obtain defect
free, fully cubic, and mechanical resistant structures.
This work describes the production of YSZ thin ﬁlms at
700°C, showing that the tetragonal phase (t ′ and t ″ ) was
maintained even with concentration up to 33.4 mol% yttria
after 24 h of sintering. A fully cubic structure was achieved
only after 48 hours of heat treatment with 29.0 and
33.4 mol% yttria, as conﬁrmed by X-ray diﬀraction (XRD)
and Raman spectroscopy. Additionally, it was feasible to
produce defect-free ﬁlm layers up to 824 nm thick by controlling the extraction rate during dip-coating. Finally, contrary to previous reports, we show that a multilayer YSZ
coating system sintered at 700°C produced an increase in
hardness and wear resistance of 93 and 42% compared to
steel, respectively, by maintaining an adhesion strength of
30 MPa.

2. Materials and Methods
Yttria-stabilized zirconia (YSZ) coatings were deposited on
2 × 1 cm2 stainless steel 304 substrates. These substrates were
ground with abrasive SiC paper and then polished with 3
and 1 μm diamond paste. Finally, the samples were
immersed in an ultrasound bath with Citranox and then in
an ethanol/acetone solution.
An initial solution was prepared by mixing 27.4 ml of
zirconium n-propoxide (ZNP) (70% by weight in isopropanol, Sigma-Aldrich), 35.6 ml of ethanol (99.8%, Vetec), and
3.8 ml HNO3 (6.3%, JT Baker) under argon atmosphere
and constant stirring (300 rpm). After 6 hours, a mixture
of 7.7 ml of distilled water and 2.7 ml of acetic acid (99.7%,
Jalmek) (weight ratio 3 : 1) was added. The molar ratios used
for these solutions were 10 : 1 for ethanol : ZNP, 6.6 : 1 for
isopropanol : ZNP, and 7 : 1 for H2O : ZNP. A second solution was prepared with 6.7 g of yttrium acetate (99.9%,
Sigma-Aldrich), 9.2 ml of isopropanol (99.5%, from Jalmek),
and 10 ml of HNO3 (this last one added drop by drop until
the solution became transparent), maintaining the solution
stirred for 1 h at 300 rpm to obtain a 29 mol% of YO1.5
(29YSZ). Similar solutions were prepared, this time modifying the amount of yttrium acetate in order to achieve a mol
percentage of 7.6, 11.4, 14.8, 18.2, and 33.4% mol of YO1.5.
The coatings were obtained using a dip-coater (WPTL60.01 MTI Corporation) by introducing the samples to the gel
for 60 seconds and varying the extraction rates at 0.17, 0.33,
0.50, and 0.67 mm s-1. After extraction, samples were dried
in air at room temperature for 24 hours and then at 500°C
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for 2 hours (using a heating/cooling rate of 1°C/min). The
previous procedure was repeated between each deposition
in multilayered coatings (up to 4 layers) before the ﬁnal heat
treatment at 700°C in air for 24 or 48 h (using a heating/cooling rate of 10°C/min). After this ﬁnal heat treatment,
the microstructure and mechanical properties of the coatings were characterized.
YSZ with 29.0 (29YSZ) and 33.4 mol% of yttria
(33.4YSZ) were characterized by thermogravimetric analysis
under air atmosphere, using a thermal analyzer instrument
(TA Instruments, SDT Q600), with a heating rate of
10°C/min. The microstructure of the coatings was characterized by scanning electron microscopy (SEM), using a Philips
XL30 microscope using an accelerating voltage of 20 kV. The
composition was characterized by energy-dispersive X-ray
spectroscopy (EDS). The phase content of YSZ powders
obtained after the heat treatment of the solutions was characterized by X-ray diﬀraction (XRD) (PANalytical Empyrean) in the regions 10° ≤ 2θ ≤ 80° and 71° ≤ 2θ ≤ 76° , using
a step size of 0.03° and 3 s per step, with a CuKα radiation
of 1.542 Å wavelength. The crystallite size was calculated
from the (111) plane at 30° using the Scherrer formula.
DðnmÞ =

0:89λ
,
FWHM Cosθ

ð1Þ

where D is the crystallite size in nm, λ the X-ray wavelength,
FWHM the full-width at half maximum of the diﬀraction
peak, and θ the diﬀraction-peak angle. The lattice parameters (c and a) were obtained p
using
ﬃﬃﬃ the software MDI Jade
6. The tetragonality factor (c/ 2a) was used to identify the
metastable tetragonal (t ′ and t ″ ) or cubic phases [24, 25].
Additionally, Raman spectroscopy (Renishaw inVia) was
also used to characterize the phase content using a 514 nm
wavelength laser, and a 50x lens obtaining a spot size of
approximately 5 μm.
The thickness of each layer was measured by proﬁlometry using a KLA Tencor D-600 proﬁlometer. The hardness of
the coatings was evaluated by indentation using the ASTM
C1327-08 Norm, using Shimadzu G21 series equipment
with a Vickers indenter and applying a load of 25 gramsforce. The adhesion strength was determined by Pull-Oﬀ
tests based on the ASTM D4541-09 method using a universal testing machine MTS QTest/100 equipment. Finally,
abrasion resistance was determined using a Pin-on-Disk
Tribometer (Microtest MT Series), using the ASTM G9995a method, with a load of 10 N, a ball of steel Al-chrome
of 4 mm diameter, a distance of 20 m, and a speed of 30 rpm.

3. Results and Discussion
3.1. Eﬀect of Yttria Concentration and Sintering Time.
Figure 1 shows the thermogravimetric analysis of YSZ produced with 29 mol% yttria (29YSZ). Overall, three diﬀerent
stages in the transformation of YSZ were observed. In stage
I, which ranged from room temperature up to approximately 220°C, a weight loss of ~15% was observed. This
weight loss has been associated with the vaporization of
superﬁcial and structural water [19, 25–28]. The stage II,
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Figure 1: TGA curve of YSZ with 29 mol% YO1.5 (29YSZ).

which ranges from 220 to 350°C, with a weight loss of 19%,
has been associated with the combustion and decomposition of organic compounds [19, 26, 28–30]. The stage III,
above 350°C, accompanied by a ﬁnal weight loss of 10%,
has been correlated with the decomposition of nitrates originated from the nitric acid [29], as well as the beginning of
the crystallization of YSZ [30]. A similar behavior was
observed for YSZ with 33.4 mol% yttria (33.4YSZ) in
Figure S1 (supplementary material).
Figure 2 shows the X-ray diﬀraction patterns obtained
for the zirconia powders doped with diﬀerent yttria concentration (0–33.4 mol% YO1.5) and heat treated at 700°C for
24 h. The zirconia synthesized without any dopant (0YSZ)
showed the characteristic reﬂections of both the monoclinic
(m) and tetragonal (t) phases. On the other hand, zirconia
powders doped with 7.6–33.4 mol% YO1.5 showed the reﬂection characteristic of the tetragonal (t) and/or cubic (c)
phase. Moreover, Table 1 shows that, at 700°C, the increase
in the molar content of YO1.5 from 7.6 to 33.4 caused a
decrease in the crystallite size from 13.2 to 6.1 nm, respectively, i.e., the crystal growth was inhibited by the increase
in the yttria content. This behavior has been correlated to
the segregation of yttria at the grain boundaries, decreasing
the mass transfer by surface diﬀusion and avoiding the crystal growth [31, 32]. Furthermore, it has been reported that
higher concentrations of yttria change the crystallization
temperature to higher values, retarding the crystal growth
[33]. Similarly, inhibition of crystal growth has been
reported in zirconia systems doped with aluminum and
europium [34, 35]. The occurrence of the tetragonal zirconia
at room temperature and without the use of any dopant in
sample 0YSZ could due to the crystallite size, which is below
the critical crystallite size of around 30 nm, below which the
tetragonal phase can exist at low temperatures due to a
larger speciﬁc surface area and an excess of energy [36].
Although generally the tetragonal phase could be diﬀerentiated from the cubic phase due to the presence of doublets in the diﬀraction pattern in angles below 70°, the
broadening of the signals due to small crystallite sizes (see
Table 1), particularly at low sintering temperatures, makes
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Figure 2: XRD patterns of zirconia powders doped with 0-33.4 mol%
YO1.5, heat treated at 700°C for 24 h, region 10° ≤ 2θ ≤ 80° .

this diﬀerentiation by simple observation unpractical [37,
38]. Therefore, a more detailed analysis was performed using
the diﬀractograms p
between
71 and 76° (Figure 3) and the tetﬃﬃﬃ
ragonality factor c/ 2a in Table 1.
Figure 3 shows the diﬀraction patterns between 71 and
76°. The 7.6 mol% yttria powders had signals at 73° and
74.5°, which are characteristics of the tetragonal phase [37],
whereas at 11.4 mol%, an asymmetric diﬀraction pattern
centered at 74° was observed, likely due to a mixture of
tetragonal and cubic/metastable tetragonal phase (t ″ ) [37].
Above 18.2 mol% yttria, the diﬀraction patterns could suggest the formation of a fully cubic structure. However,
Yashima et al. have suggested the existence of a metastable
tetragonal phase t ″ , which diﬀerentiates from the cubic
phase due to a slight distortion of the anionic network [24,
38]. The presence of the tetragonal (transformable, nontransformable, and metastable: t, t ′ , and t ″ , respectively)
or cubic phases could be diﬀerentiated based on their tetragonality, where a tetragonality of 1 would suggest a cubic or
t ″ phase [24, 25].
Table 1 shows that the tetragonality decreased from 1.0059
to 1.0000 as the molar concentration of yttria increased from
7.6 to 33.4 mol% [24, 38, 39]. According to the relationship
between tetragonality and phase content suggested by Viazzi
et al. [38], zirconia powders with yttria contents between 7.6
and 18.2 mol% developed a nontransformable tetragonal
phase (t ′ ), while the tetragonal metastable (t ″ ) or cubic phase
(c) could be assigned to zirconia powders with an yttria content between 29 and 33.4 mol% [38].
Raman spectroscopy was used to further characterize the
YSZ produced since Raman spectroscopy is highly sensitive
to phase transitions induced by oxygen displacement, even
without a long-range periodicity [40, 41]. Figure 4 shows
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Table 1: Crystallite size, lattice parameters, and tetragonality factor for zirconia powders doped with 7.6-33.4 mol% yttria, heat treated at
700°C for 24 h.
pﬃﬃﬃ
Nomenclature
YO1.5 content (mol%)
Crystallite size (nm)
a (Å)
c (Å)
Phase
c/ 2a
7.6YSZ

7.6

13.2

3.6181

5.1471

1.0059

t′

11.4YSZ

11.4

10.1

3.6288

5.1398

1.0015

t′

14.8YSZ

14.8

8.9

3.6306

5.1389

1.0009

t′

18.2YSZ

18.2

7.5

3.6366

5.1456

1.0005

t′
}

29YSZ

29.0

6.4

3.6392

5.1464

1.0000

t /c

33.4YSZ

33.4

6.1

3.6540

5.1530

1.0000

t } /c
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Figure 3: XRD patterns of zirconia powders doped with 7.633.4 mol% YO1.5, heat treated at 700°C for 24 h, region 71° ≤ 2θ ≤
76° .

the Raman spectra of 29 and 33.4 mol% yttria heat treated at
700°C for 24 and 48 h. As can be seen in Figure 4(a), the
Raman spectra of zirconia powders with 29 mol% yttria
(29YSZ) showed ﬁve bands located at 146, 261, 319, 465,
and 639 cm-1, corresponding to the tetragonal zirconia
[42]. On the other hand, the Raman spectrum of zirconia
powder doped with 33.4 mol% yttria (33.4YSZ) showed an
additional broad and intense band at 568 cm-1, which corresponds to the cubic structure of zirconia [42]. This suggests
that the YSZ with 29 and 33.4 mol% was indeed metastable
tetragonal phase (t ″ ) with possibly a mixture of cubic phase
for 33.4 mol% yttria.
Considering that Yashima and coworkers [24] showed
that extended sintering time could promote the stabilization
of cubic phase, samples were heat treated up to 48 h.
Figure 4(b) shows that the extended sintering time resulted
in important changes in the Raman spectra compared to
24 h. For 29 and 33.4 mol% yttria, only 2 bands position at
141 and 590 cm-1 were identiﬁed, whose similar spectra have

been assigned to the cubic phase [42]. This indicates that
prolonged heat treatment promoted the diﬀusion of cations
and stabilization of the cubic phase [24].
The phase diagram proposed by Yashima et al. [24] for
metastable-stable phases of zirconia (Figure 5) suggests that
among the samples produced between 7.6 and 18.2 mol%
yttria should have resulted in a mixture of monoclinic+cubic
phases (m + c) at 700°C. The presence of a tetragonal (t ′ )
phase instead of a monoclinic+cubic might be possible due
to the very small crystallite size of 13.2, 10.1, 8.9, and
7.5 nm for 7.6, 11.4, 14.8, and 18.2 mol% yttria, whose values
are below the 30 nm value necessary to stabilize this phase
even without the presence of yttria [36].
In accordance with our results (for the samples with an
extended sintering time), the phase diagram proposed by
Yashima et al. predicts that concentrations at 29-33.4 mol
% yttria should have produced a fully cubic structure. It
has been proposed that the stabilization of these metastable
phases is achieved by the energy barrier (stabilized by kinetics) rather than the free energy diﬀerence, as it takes a long
time to achieve a stable phase. This was corroborated with
the extended sintering time, which after 48 h, achieved the
stabilization of the cubic phase (Figure 4(b)).
3.2. Microstructure and Thickness. It was observed that for
coatings with a single deposition, the withdrawal speed did
not aﬀect the quality of the coating, since only homogeneous
and translucent (only the microstructure of steel was
observed) coatings were obtained for all speeds. Conversely,
when two layers were deposited, defects were identiﬁed
using a withdrawal speed of 0.17 mm s-1. Nevertheless, it
was possible to obtain defect-free coatings with only the steel
microstructure visible, with 0.67 mm s-1. A similar trend was
observed when depositing four layers (Figures 6(a) and
6(b)), where homogeneous coatings were only deposited at
0.67 mm s-1 (Figure 6(b)). The formation of a dense and
crack-free layer is relevant for its corrosion resistance since
it is through the cracks or other defects where water or other
corrosive elements can penetrate into the substrate [19, 43].
Figure 7 shows the thickness measured by proﬁlometry
for coatings with 33.4 mol% of yttria in the precursor solution. Overall, thicker layers were obtained with higher withdrawal speeds and the number of layers; for example, the
initial coating thickness increased from 226 to 231, 258,
and 285 nm as the withdrawal speed increased to 0.17,
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0.33, 0.50, and 0.67 mm s-1, respectively. Coating thickness
changed from 226 up to 502 nm when depositing one and
four layers, respectively, with a withdrawal speed of
0.17 mm s-1. Similarly, the coating thickness changed from
285 to 824 nm with one and four layers, respectively, using
a withdrawal speed of 0.67 mm s-1.
The increase in a single-layer coating thickness of 59 nm
with a withdrawal speed increase from 0.17 to 0.67 mm s-1
suggests that the deposition was performed most likely in
the intermediate regime [44]. The overall thickness
increased with more layers deposited; however, each layer
produced a thinner coating. It is likely that the modiﬁcation

of the substrate with a previous YSZ thin ﬁlm aﬀected the
wetting property and adhesion of the ﬂuid on the substrate,
as well as the capillary pressure, by modifying the surface
tension and the rates of condensation and evaporation
[45]. The thickness of the thin ﬁlms deposited was higher
than other reports that showed the production of 970 nm
after 15 deposits using 1 mm/s [19] or 130 nm with 3 layers
using 0.5 mm/s [43]. The main diﬀerence between these
reports and the present work is the use of acetic acid instead
of acetylacetone. The use of acetic acid tends to promote
condensation reactions, in comparison to AcAc, which
forms complexes with zirconium propoxide, which are more
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Table 2: Results of Pull-Oﬀ adhesion strength of 33.4YSZ ﬁlms on
steel (MPa).
Layers/extraction
rates

0.17 mm/ 0.33 mm/
0.67 mm/
0.5 mm/s
s
s
s

1 layer

29:7 ± 0:5 29:8 ± 0:8 30:0 ± 0:5 29:5 ± 0:6

2 layers

29:7 ± 0:4 29:2 ± 0:6 29:0 ± 0:7 29:0 ± 0:5

3 layers

29:0 ± 0:5 30:2 ± 0:4 29:2 ± 0:8 30:2 ± 0:8

4 layers

29:6 ± 0:7 28:3 ± 0:6 28:0 ± 0:8 29:8 ± 0:7

diﬃcult to hydrolize, also reducing the condensation process [29].
3.3. Mechanical Properties. The mechanical properties of the
33.4YSZ coatings produced were characterized. Table 2
shows the eﬀect of coating layers and extraction rates on
the adhesion strength. All samples showed an adherence
strength between 28 and 30 MPa. These values are higher
than those obtained by sol-gel YSZ on carbon steel (2.5–
12.4 MPa) [17], as well as YSZ deposited by RF magnetron
sputtering on 316 L stainless steel (12–26 MPa) [46]. The
adhesion strength was even higher than some YSZ coatings

0

1

2
Number of layers

3

4

Figure 8: Eﬀect of the number of YSZ layers on the hardness of
33.4YSZ/steel, ﬁlms heat treated at 700°C for 24 h.

produced by plasma spray, which reported values between
15 and 30 MPa [47–49].
The good adherence of the coatings produced at low
temperatures has been attributed to a condensation reaction
between the alkoxide molecule and the hydroxyl groups on
the surface of the metal, resulting in a Zr-O-Fe bond [50].
However, thermogravimetric analysis (TGA) results suggested that at 700°C, these molecules were already removed,
making them an unlikely route of adhesion (Figure 1). Conversely, previous reports have suggested a partial diﬀusion of
Fe, Cr, and Ni into YSZ at the YSZ/steel interface [20, 43,
50]. Therefore, the good adhesion of up to 30 MPa observed
in this study could be the result of the prolonged heat treatment (48 hours) at 700°C, compared with the shorter isotherms generally used during sintering of YSZ coatings for
around 1 to 2 hours [23, 26, 51].
The eﬀect of the coatings on the hardness of the surface
(a combination of the hardness of steel and the coating) was
also evaluated for 33.4YSZ coatings deposited at 0.67 mm s-1
(Figure 8). Although nanoindentation would have been ideal
to characterize these ﬁlms (not available for this study), microindentation showed that the hardness of the surface increased
with every layer deposited, reaching twice the hardness of steel
from 1.18 up to 2.28 GPa for four YSZ layers.
The good adherence and mechanical stability of these
thin 33.4YSZ layers were also observed by the wear test
(Table 3). Our results show that the wear rate decreased
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Table 3: Wear rate of 33.4YSZ coated and uncoated steel.
Sample

Wear rate (×10-5 g/Nm)

Uncoated

2:2 ± 0:1

1 layer

2:1 ± 0:3

2 layers

1:9 ± 0:1

3 layers

1:3 ± 0:2

41% from 2:2 × 10−5 g/Nm down to 1:3 × 10−5 g/Nm for steel
and three layers of YSZ, respectively. These values are similar to those reported for plasma sprayed calcia and magnesia
zirconia coatings, which range between 0.6 and 6:25 × 10−5
g/Nm [52], and slightly higher than other YSZ coatings,
with values of 0:14 × 10−6 g/Nm [53]. Although in less concentration, EDS elemental maps (see Figure S2 in the
supplementary material) showed that zirconia was still
present on the surface of steel after the wear test, most likely
as the result of the good adherence and higher hardness
achieved. Contrary to previous results, the wear rate did not
decrease with a higher number of layers [23]. This could be
related to the extended sintering time of 48 hours, which
promoted the densiﬁcation and the formation of more
crystalline ﬁlms [17, 26].

the publisher, by accepting the article for publication,
acknowledges that the US government retains a nonexclusive, paid-up, irrevocable, worldwide license to publish or
reproduce the published form of this manuscript or allow
others to do so, for US government purposes. DOE will provide public access to these results of federally sponsored
research in accordance with the DOE Public Access Plan
(http://energy.gov/downloads/doe-public-access-plan).

Conflicts of Interest
The authors declare that they have no known competing
ﬁnancial interests or personal relationships that could have
appeared to inﬂuence the work reported in this paper.

Acknowledgments
This material is based upon work supported by a grant from
CONACYT (project number: 245629, CONACYT-Horizon2020) and forms part of the European project SAMOFAR (A Paradigm Shift in Reactor Safety with the Molten
Salt Fast Reactor). The authors would like to acknowledge
CONACYT for the MSc and Ph.D. grants awarded to F. J.
Cano, O. Castilleja-Escobedo, L. J. Espinoza-Pérez, and C.
Reynosa-Martínez.

4. Conclusions

Supplementary Materials

Our work stressed the importance of controlling extraction
rates and sintering time during the deposition of YSZ coatings through sol-gel dip-coating. In particular, faster extraction rates of 0.67 mm s-1 deposited toward the viscous drag
regime were needed to achieve uniform coating without
apparent surface cracks. This was possibly related to variations in the adhesion and capillary pressure of the solvent
on the surface of YSZ compared with steel. We also observed
that at 700°C, it was possible to achieve the thermodynamically stable cubic phase, only after heat treatments of 48
hours, as conﬁrmed by Raman spectroscopy. Moreover,
the prolonged heat treatment times improved the mechanical properties of the coatings produced since hardness
increased to approximately twice the value of steel (from
1.18 to 2.28 GPa). Additionally, the deposition and densiﬁcation of YSZ coatings resulted in a decrease of 41% in the
wear rate. We demonstrated that for low sintering temperatures, such as 700°C, 33.4 mol% yttria and 48 hours of heat
treatment are needed to achieve maximum crystallinity and
cubic phase.

Figure S1: TGA curve of YSZ with 33.4 mol% YO1.5
(33.4YSZ). Figure S2: EDS elemental maps showing that zirconia was still present on the surface of steel after the wear
test. (Supplementary Materials)
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