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Abstract: In this work, scandia-doped zirconia (5cSZ) and scandia—alumina co-doped zirconia
(5c¢SZAl) thin films were prepared by electron beam vapor deposition. X-ray diffraction (XRD) results
indicated a presence of ZrO, cubic phase structure, yet Raman analysis revealed the existence of
secondary tetragonal and rhombohedral phases. Thus, XRD measurements were supported by Raman
spectroscopy in order to comprehensively analyze the structure of formed ScSZ and ScSZAI thin
films. It was also found that Al dopant slows down the formation of the cubic phase. The impedance
measurements affirmed the correlation of the amount of secondary phases with the conductivity
results and nonlinear crystallite size dependence.

Keywords: scandium stabilized zirconia thin films; e-beam physical vapor deposition; thin films
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1. Introduction

Zirconium oxide-based materials have been extensively studied for a few decades as electrolytes
and fulfill almost all requirements: high oxide ion conductivity (0.1-0.01 S/cm), low electronic
conductivity, chemical stability, mechanical strength, and low cost [1].

Pure ZrO;, due to its low number of vacancies, has a low specific ionic conductivity and has
amonoclinic structure, and up to 1170 °C does not exhibit high ionic conductivity. The highly-conductive
cubic phase forms only at 2370 °C [2]. A tetragonal phase exists in the middle-temperature range
(1170-2370 °C). The monoclinic—tetragonal (m — t) phase transition is produced by a condensation of
two phonons at point M of the Brillouin zone of the tetragonal phase (P42/nmc) and the tetragonal-cubic
(t = ¢) phase transition is produced by a condensation of phonons at point X of the Brillouin zone of
the cubic phase (Fm3m) [3,4].

To improve ionic conductivity and stabilize the cubic lattice at low temperatures, zirconia is doped
with trivalent or bivalent elements, such as Ca, Mg, Y, and Sc, etc. [5,6]. The stabilization process can
be explained by crystal chemistry, i.e., oxygen vacancies associated with Zr can provide stability for
cubic zirconia. Vacancies introduced by the oversized dopants are located as the nearest neighbors
to the Zr atoms, leaving the eightfold coordination to dopant cations. Undersized dopants compete
with Zr ions for oxygen vacancies in zirconia, resulting in six-fold oxygen coordination and a large
disturbance to the surrounding next nearest neighbors [7-9].

Scandia-doped zirconia (ScSZ) is considered the most suitable material at intermediate
temperatures because it has much higher ionic conductivity than yttria-doped zirconia [10]. However,
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four different phases can be observed below 600 °C for ScSZ systems depending on the concentration
of 5¢,03, i.e., cubic-tetragonal (5-7 mol %), cubic (8-9 mol %), and rhombohedral (10-15 mol %) [7,11].
Transitions between the highly conductive cubic phase and tetragonal or rhombohedral phases cause an
abrupt decrease in ionic conductivity and suspend the application of ScSZ for intermediate temperature
solid oxide fuel cells (IT-SOFC) [7,12]. Co-doping can be a possible solution. Adding dopants like
CeO,, Bi; O3, Al;O3, and etc., has already been attempted [13-15]. Results vary for different dopants.
Mostly, the cubic phase has been mixed with other phases (rthombohedral, monoclinic, or tetragonal)
except for co-doping 0.5 mol % of Al,Os. It has been demonstrated that 0.5 mol % of Al,Oj3 stabilizes
the cubic phase of ScSZ to room temperature [13]. The mechanism of cubic phase stabilization is
not well known. It has been suggested that the strain in the crystalline, which is induced by adding
a secondary dopant with a different radius to the Sc3*, is involved [13,16]. However, this research was
based only on the X-ray diffraction (XRD) method, which cannot fully prove the existence of a fully
stabilized cubic structure. In a mixture of phases, XRD peaks of the main cubic phase and secondary
phases (tetragonal and rhombohedral phases) can overlap and the presence of secondary phases is not
reflected ine XRD analysis [17], indicating that XRD analysis should be supported by an additional
characterization method, e.g., Raman spectroscopy. Raman spectroscopy is a powerful analysis tool
used to study the fundamental vibrational characteristics of molecules and is very sensitive to phase
changes in the material. It can provide information about the phase, the chemical composition of
the material, and oxygen vacancies [18,19]. Light scattering occurs and a small percentage of the
scattered light may be shifted in frequency when monochromatic light is incident on the material.
This frequency shift of the Raman scattered light is directly related to the structural properties of
the material. The change in the phonon frequency of the vibrational mode will be produced in the
presence of discontinuation of translational symmetry in the crystalline material due to the doping
and secondary phases. It is known that the wavenumber of the vibrational modes follows a linear
relationship with chemical composition as well as with strain induced in the crystalline lattice [20].
In the case of phase transformation of ZrO,, Raman spectroscopy can determine the change of the
bond length and the angle between cation and anion [21]. Based on the reports of other authors,
monoclinic [12,18,22], tetragonal [15,21-24], rhombohedral [12,24], and cubic [12,15,18,24] phases can
be identified from Raman spectra for ZrO,. Moreover, the great majority of investigations analyzing
co-doping of ScSZ have been focused on the powders and pellets. The properties and phase transitions
of co-doped ScSZ thin films have not been studied enough. Thin films can be formed using a variety of
deposition techniques, such as screen printing [25], wet powder spraying [26], and electrostatic spray
deposition [27], etc. Electron beam vapor deposition allows producing a dense and homogenous thin
film with a strictly controllable thin film growing process during the deposition [28]. Furthermore,
it is a particularly appropriate formation method for ceramic thin films, which are distinguished by
their high melting temperature. In e-beam evaporation, Sc-doped and Sc and Al co-doped ZrO,
evaporate by partial dissociation [29-31], causing the different structure and crystallographic phases of
the formed thin films than powders. In this paper, the structure and ionic conductivity of thin ScSZ
and scandium alumina stabilized zirconia films (ScAISZ) are analyzed using XRD, energy dispersive
X-ray spectrsoscopy (EDS), Raman, and electrochemical impedance spectroscopy (EIS) methods.

2. Materials and Methods

ScSZ and ScAISZ thin films were formed using an e-beam physical vapor deposition system (Kurt
J. Lesker EB-PVD 75, Hastings, UK). The formation was carried out on crystalline Alloy 600 (Fe-Ni-Cr)
and polycrystalline Al,O3 substrates using deposition rates from 0.2 to 1.6 nm/s in steps of 0.2 nm/s.
The thickness (~1500 nm) and deposition rate were controlled with an INFICON (Inficon, Bad Ragaz,
Switzerland) crystal sensor. The temperature of substrates was changed from room temperature
(20 °C) to 600 °C temperature. In order to get a homogenous thin film, substrates were rotated at
8 rpm speed. The acceleration voltage of the electron gun was kept at a constant of 7.9 kV and the
required deposition rate was achieved by adjusting the e-beam current in the range of 60-100 mA.
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An initial pressure of ~2.0 x 10~* Pa and working pressure of ~2.0 x 1072 Pa was used in the vacuum
chamber during the experiments. The substrates were cleaned in an ultrasonic bath and treated
in Ar* ion plasma for 10 min before deposition. The powders of (Sc;03)0.10(ZrO2).90 (ScSZ) and
(5¢203)0.10(A1503)0.01(ZrO5)g.89 (ScSZAI) (Nexceris, LLC, Fuelcellmaterials, Lewis Center, OH, USA)
were pressed into pellets and used as evaporating material. Pellets were evaporated using a single
e-beam configuration. Elemental analysis was performed using energy-dispersive X-ray spectroscopy
(EDS, BrukerXFlash QUAD 5040, Bruker AXS GmbH, Karlsruhe, Germany) and the atomic ratios of Sc,
Al, and Zr are presented in Table 1.

Table 1. Atomic ratios of Sc, Al, and Zr in the initial powders.

Initial Powders cse, % cal, % Cczy, Yo

ScSZ 0.19 - 0.81
ScAlISZ 0.19 0.02 0.79

The crystallographic nature of the formed thin films was determined using XRD (D8 Discover
(Bruker AXS GmbH, Billerica, MA, USA) standard Bragg focusing geometry with Cu Ka; (A =
0.154059 nm) radiation, 0.01° step, and Lynx eye PSD detector). Rietveld analysis was performed
to calculate ratios of cubic and rhombohedral phases in the ScSZALl thin films. The refinement was
conducted with isotropic atomic thermal parameters [32]. The size of the crystallites and lattice
constants were estimated with the software Topas 4-1. The Pawley method was used to fit XRD patterns
and the crystallite size was estimated using the Scherrer equation [33].

Raman scattering measurements were performed using the Raman microscope inVia (Renishaw,
Gloucestershire, UK). The excitation beam from a diode laser of 532 nm wavelength was focused on
the sample using a 50x objective (NA = 0.75, Leica, Wetzlar, Germany) and the diameter of the laser
spot was 4 um. Laser power at the sample surface varied from 1.75 to 3.5 mW. The integration time
was 15-30 s and the signal was accumulated five times and then averaged. The Raman Stokes signal
was dispersed with a diffraction grating (2400 grooves/mm) and data was recorded using a Peltier
cooled charge-coupled device (CCD) detector (Renishaw, Gloucestershire, UK) (1024 x 256 pixels).
This system yields a spectral resolution of about 1 cm~!. Silicon was used to calibrate the Raman setup
for both the Raman wavenumber and spectral intensity. Positions of Raman peaks were determined by
fitting the data to the Lorentz line shape using a peak fit option in OriginPro 2016 software. The phase
ratio was calculated using the formula [18]

Ic
Sfc=——"7— 1
¢ Ic+L+Ig M

where I, I;, and I are the scattering intensity of cubic (~620 cm™), tetragonal (~473 cm_l), and
rhombohedral (~557 cm~!') Raman modes, respectively.

Electrical characterization and impedance spectroscopy measurements were performed using
a Probostat® (NorECs AS, Oslo, Norway) measurement cell in the frequency range 1-10° Hz and
a 200-1000 °C temperature interval. Electrodes of the geometry 3 mm X 10 mm (L X B) were made of
Pt ink and applied on top of the thin films using a mask reproducing the geometry of the electrodes
(the two-probe method). The total conductivity was calculated according to:

oo Le _ L
"~ RA  Rehle

@

where L is the distance between the Pt electrodes, Rs is the resistance obtained from the impedance
spectra, A is the cross-sectional area, & is the thickness of the thin films, and /. is the length of
the electrodes.
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3. Results

XRD measurements revealed that ScSZ and ScSZAl powders have a mixture of ZrO, rhombohedral
(JCPSD No. 01-089-5482) and monoclinic (JCPSD No. 01-089-5474) phases (Figure 1a). It can be seen
that the prevailing phase is rhombohedral, showing sharp (003), (101), (012), (104), (110), (015), (11-3),
(021), (006), and (202) peaks. Raman spectra of investigated powders are in good agreement with the
XRD results (Figure 1b). The peaks detected at 147, 148, 176, 190, 191, 259, 260, 315, 321, 384, 386, 422,
471, 473,507,517, 552, 554, 585, 597, and 640 cm ™!, and around 800-1100 cm ™! showing a polymorphism
of ZrO;, can be assigned to monoclinic, tetragonal, and rhombohedral phases. The peaks at 507-517,
552-554, 585, and 597 cm™! belong to the 3-rhombohedral phase [12], the peaks at 147-148, 259-260,
315-321, 384-386, 422, 547, 551, and 640 cm™! are indicative of the tetragonal phase and the peaks at
176,190, 191, and 469-473 cm™1 belong to the monoclinic phase [18,22]. Peaks observed above 800 cm~!
correspond to the second-order active Raman modes wave numbers combination [34]. The Raman
spectra of cubic zirconia should consist of a weak broad line peak assigned to a single Raman mode
F2g symmetry centered between 605 and 630 cm~!. Peaks corresponding to the cubic phase of ZrO,
were not observed in Raman spectra of the powders [12,15,18,21,24]. The obtained results agree with
the results of other authors [24,35]. The material should have a rhombohedral structure if the Sc, O3
concentration is above 9% [5,11]. Raman peaks corresponding to the tetragonal phase (Figure 1b)
indicate that the tetragonal structure is deformed and is predominant mostly at the grain boundary [15].
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Figure 1. ScSZ and ScSZAl powders: (a) X-ray diffraction (XRD) patterns and (b) Raman shifts.

It is known that ZrO, evaporates by partial decomposition during e-beam evaporation
process [29,31]:

ZrOz(S) e ZI‘Oz(g) (3)
ZrOQ(S) = ZI’O(g) + O(g) (4)
ZI‘OQ(S) = Zr(g) + OZ(g) (5)

Therefore, the vapor phase of ScSZ and ScSZAl powders could consist of ZrO;, ZrO, O,, O, 5S¢, 03,
5S¢0y, ScO, Sc, Al,O3, Al,O,, AlO, Al atoms, molecules, and molecule fragments. The atoms and
molecule fragments landed on the surface of the substrate migrate and form grains. The grains with
the densest planes are selected, e.g., (111) for face-centered cubic. However, surface diffusivity plays an
important role in the formation of textured thin films. Adatoms deposited near grain boundaries have
a higher probability of becoming incorporated at a low diffusivity surface in comparison to adatoms at
high diffusivity planes having longer mean free paths with correspondingly higher probabilities of
moving off the plane and becoming trapped on the adjacent grains [36]. Therefore, grains with low
surface diffusivities grow faster. A similar growth mechanism was observed in the ScSZ and ScSZAl
thin films. The thin films have a cubic structure (Figure 2a) and the positions of (111), (200), (220),
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(311), and (222) orientation peaks in the XRD patterns (measured at room temperature) confirm this
(JCPSD No. 01-089-5483). The preferential orientation is (200) at low temperature (up to 450 °C) and
preferential orientation is (111) at high temperatures because adatoms have high enough diffusion
energy to move on the surface and become trapped on the high diffusivity surfaces. Moreover, the
positions of the peaks of the ScSZAI thin films are shifted to higher angles by 0.2° in comparison to the
positions of the peaks of the ScSZ thin films (Figure 2b) due to distortions in the crystal lattice. The ion
of Al (~0.53 A) is smaller than the ion of zirconium (0.84 A).
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Figure 2. XRD patterns (measured at room temperature) of (a) ScSZAI thin films and (b) ScSZ and
ScSZAl thin films deposited on Alloy 600 substrates using a 0.4 nm/s deposition rate.

However, Rietveld analysis showed that a mixture of cubic (87.8%) and rhombohedral (12.2%)
phases can be found in the ScSZAl thin films (Figure 3) with equal probability as a pure cubic phase. The
weighted profile R-factors (Rwp) are almost the same for pure cubic (1.45) and the mixture of cubic and
rhombohedral (1.35). Therefore, the peaks of cubic and rhombohedral phases can be overlapped [17,35].
In this case, XRD patterns require a complimentary analysis and Raman spectroscopy can be a quick

solution [15,21].
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Figure 3. Rietveld analysis of XRD patterns of ScSZALl thin films deposited on Alloy 600 substrates

using a 0.4 nm/s deposition rate.

The Raman spectra of ScSZ and ScSZAl thin films indicate mixed phases (Figure 4). Raman
peaks are detected around 140, 262, 354, 382, 475, 540, 618, 726, 954, and 1000 cm~!. The broad peak
observed between 100 and 200 cm™! consists of several peaks, indicating different ZrO, phases. The
peaks at 354 and 382 cm™! belong to the monoclinic phase [12,18,22], peaks detected at 147, 260, and
475 cm~! belong to the tetragonal phase [15,21-24], and peaks detected around 540 cm~! belong to the
rhombohedral phase [12,24]. The broad peak expressed around 620 cm~! consists of several peaks
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indicating the presence of cubic (c), tetragonal (t), and monoclinic (m) phases. On the other hand,
Raman peaks near 620 cm~! can be shifted due to a disordered oxygen sublattice after doping and
co-doping by Sc and Al. Substitution of Zr** by Sc3* results in the formation of high quantities of
oxygen vacancies [37] and such a high defect concentration can lead to a violation of the selection rules
and the appearance of additional modes that are forbidden for the cubic fluorite structure [38].
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Figure 4. Raman spectra of (a) ScSZ and (b) ScSZAI thin films deposited on Alloy 600 substrates using
a 0.4 nm/s deposition rate.

The Raman spectra of ScSZ and ScSZAl are of a similar shape; however, the intensities of peaks at
620 cm™! are lower for the ScSZAI thin films (Figure 4). In the case of thin films with an Al dopant
(Figure 4b), the cubic phase begins to form at a temperature higher than 50 °C and further increase of
the temperature does not significantly influence the amount of the cubic phase. This means that Al
slows down the cubic phase formation and stabilizes it at higher than 300 °C substrate temperatures.
Quantitative calculations give the same substantiation (Table 2). The ratios of the cubic phase to
the tetragonal and rhombohedral phases are from 42% to 53% for ScSZ and around 42% for ScSZAl.
Calculations reveal that the amount of cubic phase increases by 10% for ScSZ and by 2% for ScSZAl
with increasing substrate temperature. Finally, Raman analysis shows that thin films have a mixture
of cubic (~44%), tetragonal (~18%), and rhombohedral (~38%) phases (Table 2). The obtained results
demonstrat that a polymorphous transition from rhombohedral to cubic phase occurred in the formed
thin films, indicating a typical behavior for the doped ZrO, [39]. According to the XRD spectra,
the ZrO, rhombohedral phase is not significantly expressed and the tetragonal phase is not observed,
while Raman spectra show large amounts of these phases, meaning that both phases could be located
in the grain boundaries [15,39].

Table 2. The ratio of cubic, tetragonal, and rhombohedral phases in the ScSZ and ScSZAl thin films.

Substrate Temperature (°C) Cubic  Tetragonal = Rhombohedral
ScSZ
50 43% 15% 42%
150 42% 19% 39%
300 45% 18% 37%
450 46% 17% 37%
600 53% 17% 30%
ScAlSZ
50 - 22% 78%
150 41% 13% 46%
300 42% 19% 39%
450 43% 20% 37%
600 43% 23% 34%




Coatings 2019, 9, 317 7 of 10

The average crystallite size dependence on the substrate temperature shows a nonlinear behavior
(Figure 5). Crystallites grow larger (17.4-69.9 nm) with increasing substrate temperature (50-300 °C)
during deposition. At 450 °C temperature, a sudden decrease of crystallite size occurs (~45-30 nm).
This can be related to the changes in preferential orientation and to the changes in the ratio of phases.
The preferential orientation changes from (200) at the temperatures up to 450 °C to (111) at high
temperatures due to the higher diffusion energy of adatoms which allows them to move on the surface
and become trapped on the high diffusivity surfaces.

80 7

70 :— """"" 0.2 nm/s e ]

""""" 0.4 nm/s
[ =-- 0.8 nm/s
60 - 1.2 nm/s ]
[ 1.6 nm/s
£50 F
=R ® s
T
~\? 40 -

0 100 200 300 400 500 600
T.°C

Figure 5. Crystallite size dependence on substrate temperature of ScSZAl thin films deposited on Alloy

600 substrates using different deposition rates.

Arrhenius plots show linear dependences (Figure 6a). No obvious breaking or bending points were
observed. This means that no phase transitions occurred during the measurements. Moreover, ionic
conductivity (600 °C measurement temperature) is observed to be related to the substrate temperature
(Table 3). Ionic conductivity is higher for the thin films deposited on higher temperature substrates.
The highest value of ionic conductivity of 4.2 X 1073 S/cm (substrate temperature 600 °C and deposition
rate 0.4 nm/s) is similar to other authors’ results (~7 x 1072 S/cm) [13,16,24]. Crystallite size has a similar
dependence on temperature. Crystallites were observed to grow larger (17.4-69.9 nm) with increasing
substrate temperature (50-300 °C) during deposition. At 450 °C, a sudden decrease of crystallite size
occurs (~45-30 nm). This may be related to the changes in preferential orientation and to the changes in
the ratio of phases. It is known that ionic conductivity is strongly related to crystallite size. According
to the brick layer model, materials consisting of larger crystallites exhibit higher ionic conductivity
because grain boundaries slow down oxygen ion diffusion [40—42].
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Figure 6. (a) Arrhenius plots of ScCSZAI thin films deposited on Al,O3 substrates using a 0.4 nm/s
deposition rate and (b) vacancy activation energy dependence on the substrate temperature of ScSZAl
thin films deposited on Al,O3 substrates using a 0.4 nm/s deposition rate.
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Table 3. Ionic conductivity (S/cm) of ScSZ and ScSZALI thin films deposited using different substrate
temperature and a 0.4 nm/s deposition rate.

Substrate Temperature
50 °C 150 °C 300 °C 450 °C 600 °C

ScSZ 17x107° 25%x107° 74x10™* 36x103 42x1073
ScAlISZ 41x107° 23x10% 11x10% 19%x103 24x1073

Thin Films

Co-doping of aluminum was observed to have a minor effect on the ionic conductivity of thin
films, although conductivity is slightly lower for the ScSZAl thin films deposited on higher temperature
substrates. The lower ionic conductivity is a result of a lower amount of cubic phase and a higher
amount of tetragonal phase (Table 2).

It was noticed that vacancy activation energy increased from 0.91 to 1.22 eV using higher
temperature substrates (Figure 6b). This increase also occurred due to the higher amount of tetragonal
phase in those thin films (Table 3).

4. Conclusions

In this work, thin films of ScSZ and ScSZAI were deposited using electron beam vapor deposition,
which allows the production of a dense and homogenous thin film. Structure and conductivity studies
of the formed thin films were performed. It was found that the structure of the formed thin films does
not repeat the structure of the initial evaporated material. Analysis of XRD patterns and Raman spectra
of the initial evaporated powders of ScSZ and ScSZAl shows that they exhibit a polymorphism of ZrO,
monoclinic, tetragonal (in Raman spectroscopy), and rthombohedral phases. Contrarily to the structure
of evaporating material, XRD of ScSZ and ScSZAI thin films depict only a pure ZrO, face-centered cubic
phase of a preferential orientation (200) at temperatures up to 450 °C, with a change in preferential
orientation (100) at higher temperatures. In order to investigate the influence of an Al dopant, Rietveld
analysis was performed, demonstrating that a pure cubic phase can be found in the ScSZAl thin films
with equal probability as a mixture of cubic (87.8%) and rhombohedral (12.2%) phases. Raman spectra
of ScSZ and ScSZ Al thin films also indicate a polymorphism of ZrO, phases. Raman peaks detected
around 140, 262, 354, 382, 475, 540, 618, 726, 954, and 1000 cm™~! indicate the presence of cubic (~44%),
tetragonal (~18%) and rhombohedral (~38%) phases, showing a transition from a rhombohedral to
a cubic phase. In ScSZAI thin films, co-doping with Al delays and slows down the formation of a cubic
phase and stabilizes it at higher than 300 °C substrate temperatures. The ratios of the cubic phase to
the tetragonal and rhombohedral phases are from 42% to 53% for ScSZ and around 42% for ScSZAl.
It was found that the crystallite size depends on substrate temperature, demonstrating a nonlinear
behavior. Crystallites grew larger (17.4-69.9 nm) with increasing substrate temperature (50-300 °C)
and a sudden decrease of their size occurred (~45-30 nm) at a 450 °C deposition temperature due to
the changes in preferential orientation and phase ratio. On the other hand, Arrhenius plots showed
linear dependences and exhibited the highest value of ionic conductivity of 4.2 x 1073 S/cm for thin
films deposited on 600 °C temperature substrates using a 0.4 nm/s deposition rate. The increase in the
amount of tetragonal phase in the formed thin films influences the vacancy activation energy which
increases from 0.91 to 1.22 eV using higher temperature substrates.
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