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Abstract

This work presents a systematic study of the lanthanum tungstate (LaWO) ceramic layers
formation on porous metallic substrates as a function of the PS-PVD processing parameters
including plasma characteristics, support type and temperature, as well as addition of O»
during the spraying. Through precise control of the PS-PVD parameters, a set of processing
conditions were found that led to He gas-tight purely cubic LaWO layers with negligible
secondary phase precipitations. Being dependent on process conditioning, the formation and
evolution of the cubic Las.xWO125 (x = 0.3-0.6) as the main phase of functional importance
and of the undesired secondary phases (La>O3 and LasW2015) was strongly affected by the
cation and oxygen stoichiometries. The rapid cooling of the feedstock at particle impact on
the substrate led to the formation of highly La-saturated compositions which exhibited
significant lattice expansion in comparison with conventionally processed LaWO and is
considered beneficial in terms of material performance. And indeed, the H> permeation
performance of the PS-PVD processed LaWO ceramic layers shown earlier by our group was
0.4 ml/min-cm? at 825°C for 60 um thickness of the functional layer, the highest value

reported for this type of proton conducting ceramics, so far.
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1. Introduction

Lanthanum tungstate (LagxWO125, with x = 0.3-0.6, further referred to as LaWO) is a
promising ceramic material for Ho-related applications. The cubic polycrystalline LaWO
phase is a predominant proton conductor at temperatures below 700°C in humid atmospheres
and a mixed proton-electronic conductor above this temperature in reducing atmospheres [ 1-
3]. Such properties, accompanied with significant thermo-chemical stability in a variety of
gas conditions (including CO, CO,, H», steam) [4-6], make it a promising candidate for
applications at lower as well as at elevated temperatures. Target applications are as a solid
electrolyte for proton conducting solid oxide cells (PC-SOCs) [7-9], as ceramic membranes
for H> separation from gas mixtures, in catalytic membrane reactors for CO; utilization (e.g.
CO2/H20 co-electrolysis to biofuels and other valuable chemicals), and in water gas shift

process (WGS, CO+H20+>CO,+H>) with simultaneous H> extraction [7,8,10].

Lanthanum tungstates are compounds within the La;O3-WO3 solid solution system and are
usually formed at temperatures above 1100°C. At these temperatures, the single-phase
domain broadens and shifts toward higher La/W ratios as shown in our previous works [4,11]
and that of Magraso et al. [12]. This reflects the incorporation of more La>O3 at a given
stoichiometry, which leads to better conductivity properties [1,12]. At 1400°C-1500°C, the
single cubic phase domain is limited within the La/W ratios of 5.3-5.7 [4,11,12]. Beyond this
range, hexagonal La>O3 (high La/W) and orthorhombic LasW2015 (low La/W) secondary
phases are segregated. These two phases are also formed as decomposition products of the
cubic LajoW202;1 phase which is only stable below 1100°C (in vacuum) [13]. Their presence

in large amounts, along with the main proton conducting cubic LaWO phase, leads to



detrimental degradation of the mechanical and conductivity performance [4,14]. Hence, in
every approach to fabricate components based on LaWO, the identification of optimal

processing conditions to form single cubic LaWO phase is of great importance.

In this work, plasma spray-physical vapor deposition (PS-PVD) is employed to manufacture
dense coatings of single cubic phase LaWO deposited on graphite and on porous ferritic
stainless steel. Graphite supports were applied mostly to study the effect of processing
parameters on the chemical and phase compositions of the coatings. These types of supports
could be easily removed and the free-standing coatings analyzed, which is not the case for

the steel supports (details in section 2.5).

Compared to other processing routes, PS-PVD is a technique which allows for lower
deposition temperatures (800-1000°C) in much shorter times than conventionally applied.
Classical routes for processing of LaWO ceramics usually require sintering temperatures in
the range of 1450-1550°C for up to 12 h [1,12]. Such conditions might lead to stoichiometric
deviations due to WO3 evaporation and pronounced secondary phase segregations (e.g.,
La>0O3). Lower fabrication temperatures as in the case of PS-PVD will restrict such effects
allowing for optimal coating composition without subsequent sintering being necessary. Due
to the lower processing temperature, it is also possible to apply steel substrates. On the other
hand, during the spray process, the feedstock will see much higher temperatures than typical
sintering temperatures, however only for short periods of time. Also, the local temperature
during deposition might be considerably higher than the mean deposition temperature.
Hence, it has to be evaluated if these short temperature excursions are detrimental for the

development of suitable phases.

PS-PVD takes place under reducing conditions and very rapid cooling rates. These features
allow controlling the phase formation by adjusting the oxygen partial pressure in the process
chamber and inhibiting diffusion processes which might advance secondary phases
segregations. Previous works of our group demonstrated the employment of the PS-PVD

method for manufacturing of oxygen permeable membranes based on lanthanum strontium



cobalt iron oxides (LSCF), as well as of yttria stabilized zirconia (YSZ) electrolytes for solid
oxide fuel cells (SOFCs) on porous metallic supports [15-17]. In these works, the resulting
LSCF and YSZ functional layers were proven to be He gas-tight (a value of 1-107*
mbar-1/s-cm? was set as a post-fabrication He leakage threshold) and stable with outstanding
performances as reflected by the O> permeation flux and the open cell voltage (OCV) values,

respectively.

In conventional processing, as for example by tape casting, the functional layer is deposited
on a ceramic or metallic substrate. During co-sintering, densification of this layer is
significantly promoted by the faster shrinkage of the porous support. In the advanced
sintering stage, when the ceramic coating has achieved a high degree of densification and
becomes quite rigid, it significantly constrains the further shrinkage of the porous substrate.
Therefore, the co-sintering of structures with significantly mismatching sintering properties
usually leads to geometric deformation and bending of the overall assembly, thus being
problematic from the application point of view. Hence, significant efforts were made to
understand these effects in LaWO-based ceramic systems [18,19]. Another issue of the co-
firing is that in the case of a metallic supports made by tape casting (as used in the present
work), these can only be sintered in non-oxidizing atmosphere at a maximum of 1100°C,
while the LaWO ceramics require significantly higher temperatures to densify. In this
context, the PS-PVD technique is considered as an advantageous approach for the formation
of single-phase LaWO ceramic layers on metallic substrates. As pointed out, further sintering
is neither required for achieving functional layer densification, nor for organic components
release (binders/solvents) used in the wet chemical processing. Using metallic supports for
functional ceramic coatings allows for integration into a module or chemical reactor by
means of welding, for example, and ensures high mechanical stability of the assembly during
processing and sealing. In terms of achieving thermo-mechanical compatibility between the
ceramic coating and the metallic substrate, materials with matching coefficients of thermal
expansion (CTE) usually need to be combined. Any residual stresses origin mainly from the

deposition process and/or precipitation formation.



The aim of this study is to carry out a systematic research for understanding the influence of
PS-PVD processing parameters on the formation of single cubic LaWO phase on metallic
porous substrates. The reducing atmospheres and very fast cooling rates are exploited to
control the oxygen stoichiometry and formation of precipitates. In a previous work [13] it
has been shown that under vacuum of 10 Pa it is possible to have the coexistence of both
La>O3/LasW2015 secondary phases at a cationic stoichiometry where only LaioW2021 would
exist at standard pressure conditions. Obviously, the oxygen partial pressure is the controlling
factor. Hence, it is of interest to validate the phase formation under PS-PVD low-pressure
conditions (typical chamber pressure 100-300 Pa which is six orders of magnitude higher
than the mentioned vacuum conditions) and in addition to vary the oxygen stoichiometry

among other control parameters.

2. Experimental

2.1.  Manufacturing of porous metallic supports

In this work, porous metallic supports were made of Crofer22®APU (later referred to as
Crofer) using a processing route developed in-house [20]. Material designations are 1.4760
according to DIN and EN standards as well as UNS S 4535 according to ASTM. This high-
temperature ferritic stainless steel was especially developed for application in solid oxide
fuel cells (SOFCs). It was chosen as a support material in this work since its coefficient of
thermal expansion (CTEcrofe=12.3x10° K!, 800-1000°C) is similar to that of LaWO
(CTErawo =11-12x10" K'1). Substrates were manufactured in-house by tape casting a slurry
made of atomized ferritic steel Crofer powder provided by H.C. Starck, Germany. The
powder fraction with particle sizes below 22 um (dso = 13.3 pm) was used to prepare the
alcohol based slurry. Apart from ethanol used as solvent, a combination of binding (Mowital®
(Polyvinylbutyral), Kuraray, Japan) and plasticizing agents was also added. The viscosity of
the slurry was 2042 Pa's at a shear rate of 1.8 s and solid content of 88 wt.%. The tape
casting was performed on an automated tape casting device (FGA500-SAMA, Germany). By
adjusting the position of the doctor blade, a green tape thickness of about 1150-1200 um was
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achieved. Substrate samples of 70x70 mm? were punched out of the green tape and pre-
sintered at 900°C for 1 h in Ar (heating rate 5 K/min) including a de-binding step at 600°C
for 30 min (heating rate of 2 K/min in the range RT-600°C). The final sintering took place at
1100°C for 2 h in Ar (heating rate 5 K/min). The dimensions of the sintered substrate samples
were 15 mm in diameter (by laser cutting) and 0.9-1.0 mm in thickness with an average

porosity of approximately 30% as determined by micrographs image analysis.

2.2.  LaWO powder feedstock

The feedstock material for the PS-PVD processing was LassWO12.5 powder provided by
Oerlikon Metco, Wohlen, Switzerland. It has an almost spherical morphology with some
cavities, see Figure 1, with particle size distribution dio =8 um, dso = 13 um, doo = 19 um
determined by laser diffraction. The powder consisted of single cubic LaWO phase
(determined by XRD analysis, not shown). Prior to spraying, the powder was dried in air at

80°C for 24 h to avoid agglomeration disfavoring its flowability.

FZJ : IEK1 2018 EHT = 8.00kV Detector=BSD WD = 7.2mm 10 pm

Figure 1. LaWO feedstock powder (SEM back scattered electron image).
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2.3.  Parameters for PS-PVD deposition of LaWO coating

The coatings were deposited by a Multicoat PS-PVD system (Oerlikon Metco, Wohlen,
Switzerland) with an O3CP torch with plasma spray parameters reported in our previous
works [15,17]. The feedstock powder is injected radially into the plasma jet by a carrier gas
flow (Ar) through a nozzle which is located close to the plasma jet exit of the torch. The
powder feed rate was 17 g/min. A current of 2000 A yielding a torch input power of 87 and
88 kW (depending on the plasma gas composition) at a chamber pressure of 250 Pa was used.
The average substrate temperature was measured using a pyrometer. In order to study the
effect of spray conditions on the cation content and oxygen stoichiometry in the final layer,
plasma gas composition, spraying distance and addition of oxygen in the vacuum chamber
during the spraying were selected as variable parameters. Phase stability of the functional
layers was proved by means of post-spray annealing experiments and XRD analyses. A

summary of the applied processing parameters is presented in Table 1.



Table 1. Fabrication parameters applied in the present study.

Processing parameters
Coating - . on
= £ |2 . gt % 5 S5 Ea £
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2] E = = E ﬁ o S 4 =y = )y 2 _ g
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A/l Ar 100 88/ . -
1000 | Graphite 807+8 No
A2 He 30 48 4
B/1 Ar 100 88/ -
900 Graphite 85115 No
B/2 He 30 48 4
o Graphite 83444
No
C/2 Crofer
C/3 HT-XRD
Crofer
10° Pa air
Ar110 87/
C/4 900 HT-XRD
He 20 46 Crofer 840+20
10° Pa air
C/5 Crofer 4 No
C/6 Crofer 10 Pa Ar
C/7 Crofer 10° Pa air

*slpm: standard liters per minute

To compare the three different plasma parameters A/B and C, the mass-specific net

enthalpies in the plasma gas were calculated based on the plasma net power and the mass

flow of the plasma gas species, see Table 2. The plasma net power was determined on the

basis of the torch cooling water flow and temperature rise. They are lower for the parameter

C mainly due to the higher Ar fraction. Moreover, a one-dimensional calculation of the

plasma flow from the torch nozzle exit to the expanded state at the chamber pressure of 250

Pa was done. While the velocities were comparable for A/B and C (not shown), the

temperatures were found to be lower for parameter C (Table 2). Assuming local thermal

equilibrium (LTE) in the plasma, chemical equilibria were determined based on the
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minimization of the Gibbs energy by also taking into account the ionized species [21]. For
these compositions, the thermal conductivities were calculated, being an important parameter
for the heat transfer from the plasma to the feedstock. They were found to be lower for
parameter C as well. Thus, it can be concluded that at parameter A, the longest thermal
treatment of the particles takes place due to the longer spray distance. At parameter B, the

thermal treatment is shorter but more effective compared to parameter C where it is least.

Table 2. Plasma characteristics for the deposition of coatings A, B and C, see Table 1.

Parameter A and B C
Mass specific net enthalpy, 10° J/kg 15.6 13.9

Plasma temperatures
o ) 11,530 /3400 11,440 /3260
at nozzle exit / in expanded jet, K

Thermal conductivities of the plasma
3.41/0.17 3.19/0.14

at nozzle exit / in expanded jet, W/(m K)

Coating times of 3 min were chosen for all samples. In this way, layers with thicknesses of
40 to 60 um were obtained. The Crofer substrates were described above. For these samples,
a sample holder with a metallic mask was applied to keep the sample in position without
constraints during the heating and cooling steps. The holder was heat conductive (however
not actively cooled) since the samples were laid in a steel cavity. Thus, a stable heat flow
through the sample was established. The graphite substrates were blocks of 25x25x20 mm?®.

In contrast to Crofer, these samples were held only by two small claws.

In addition, the influence of oxygen on the secondary phase formation was studied. 4 slpm
of O was added to the process chamber atmosphere during spraying. Adding more than this
did not lead to considerable differences regarding the phase formation (according to our
preliminary tests). After spraying, selected coatings were annealed at 900°C for 3 h in Ar and

air to investigate the phase stability.



2.4.  Plasma characterization

Optical emission spectroscopy (OES) measurements of the plasma jet were conducted.
Wavelengths in the range of 381-786 nm were scanned, and the radiation was collected with
a set of achromatic lenses, transferred by an optical fiber and detected by a 1024x1024 CCD
array. The spectrometer (ARYELLE 200, Laser Technik Berlin) is equipped with an Echelle
grating, where the achieved spectral resolution is 15.9 to 31.8 pm. Before any measurement
took place, the focus was adjusted to the jet axis and the spectrometer was calibrated with a
spectral Hg lamp. The lenses were focused at 700 and 900 mm, respectively, and at these
distances, the emission spectra were recorded. They were used to determine the molar
volumetric vapor concentrations of W and La by analyzing the intensities of two neutral W I
and La I emission lines at 429.4605 and 521.186 nm considering the corresponding energy
levels and transition probabilities. These two lines were detectable at all studied plasma
compositions as they are well isolated and not self-absorbing. In addition to the emission line
data, the excitation temperatures at the different investigated plasma compositions were
required. They were determined by Boltzmann plots [23] based on a set of neutral Ar I
emission lines corresponding to the transition S5p-4s [22]. As mentioned above, LTE was
assumed which is a necessary requirement to apply this method. Furthermore, the same

temperatures can be implied for the Ar, La and W species.

2.5.  Stoichiometry determination of LaWO coatings

Preliminary experiments were carried out using graphite as a substrate material aiming to
adjust parameters versus LaWO coatings stoichiometry. By this, free-standing layers were
obtained by annealing after spraying in air at 600°C to remove the substrates. Due to the
relatively low temperature, it can be assumed that this step did not affect the La/W
stoichiometry or the phases present in the coatings. The chemical composition of the coatings
was determined using inductively coupled plasma-optical emission Spectrometry (ICP-OES,

error + 3%). The oxygen content was determined by means of He carrier gas hot extraction
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including infrared (IR) absorption (LECO TCH-600, 0.5% relative standard deviation for

0:). Finally, the stoichiometry was calculated.

2.6.  Phase characterization of LaWO coatings

X-ray diffraction analyses (XRD, D4 Endeavor-Bruker AXS with Cu-K, radiation) were
performed to determine the phase compositions of the fabricated LaWO coatings. Phases
were identified using ICDD PDF2-Database (Release 2004), ICSD Database (Release 2017)
and X Pert Highscore Plus (by PANalytical). The reference patterns correspond to the cards
ICSD 252211 (Las7sW125013.5), PDF No. 01-074-2430 (La;03) and ICSD 247427
(LagW20:15) for phase identification. For Rietveld analysis, the TOPAS V 4.2 software was

used.

2.7.  Phase evolution in LaWQO coatings at high temperatures

High-temperature x-ray diffraction analysis (HT-XRD, Empyrean-PANalytical GmbH) was
carried out using the environmental heating chamber (HTK1200N-Anton Paar GmbH) in
order to assess the stability of the main phase and secondary phase evolution as function of
the temperature. Measurements were carried out in air at atmospheric pressure. Scans were
taken in the Bragg angle range from 20 = 20° to 80° in 0.026° steps with 20 min of data-
collecting time at each temperature. The XRD data were collected at room temperature
(before and after the heating cycle, later referred to as ground state 1 and 2, respectively), as
well as at 900°C and 1000°C with heating rate of 5K/min. In addition, measurements of the

original feedstock were carried out at low pressure (10 Pa, Ar atmosphere).

2.8.  Microstructure and residual stress analysis of the PS-PVD sprayed LaWO coatings

Grain orientation, morphology and size distribution in LaWO layers were determined by

means of electron backscattering diffraction (EBSD) measurements to elucidate the effect of
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heat treatments on grain evolution of selected PS-PVD coatings. They were carried out using
a SEM JSM-7000F by JEOL equipped with a camera “Hikari” and an “Octane Plus-A”
detector for EDX (both by Ametek-EDAX). Areas of 200x75 um were analyzed with a step
size of 100 nm at 20 keV electron energy and probe current of approximately 30 nA. Data
were processed and analyzed with OIM Data Collection V 7.3 and OIM Analysis V 8.0
software. Additionally, phase distribution, grain sizes, morphology and boundary structure
were studied by means of kernel average misorientation (KAM) mappings. Furthermore,
stress analysis of the coatings was performed based on the KAM mappings to elucidate the
effect of deposition process and secondary phase formation. KAM analysis gives a qualitative

measure of the stored strain energy in a sample.

3. Results and Discussion

3.1.  Effect of the plasma spray parameters on cation evaporation

Table 3 summarizes the stoichiometries calculated from the ICP-OES chemical analyses. A
comparison of the molar ratios of tungsten and lanthanum in the two coatings with the
original feedstock reveals that for all coatings the La/W ratio increases from the initial value
of 5.55. This fact can be associated with W evaporation during the spraying, which is
supported also by earlier literature sources [11,12]. As it can be inferred from the table,
coatings A/l and B/1 exhibit higher La/W ratios than coating C/1. This is a clear indication
that inhomogeneous evaporation of feedstock species takes place during plasma spraying and

that it grows with increase in thermal treatment of the particles.
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Table 3. Molar ratios of tungsten and lanthanum from the chemical analysis by ICP-
OES for the LaWO feedstock and functional layers deposited on graphite without
addition of Oa.

LawoO Molar
ratio
La/W
Feedstock 5.55
Coating A/1 | 5.85
Coating B/1 | 5.89
Coating C/1 | 5.62

In order to verify the evaporation of cations during the spray process, an additional
assessment of the plasma jet was conducted based on OES focusing on two distinct emission
lines of neutral W I and La I. The results showed that at both plasma parameters used to
fabricate coatings A/B and C (see Table 1), evaporation of La and W cations takes place.
However, it is less intensive for parameter C, which is consistent to the finding that the
thermal treatment of the feedstock is less than for parameters A/B. To conclude on the
thermal history during flight, one measurement was performed for parameter C also at a
shorter spray distance of 700 mm although no samples were sprayed at this position. As it
can be inferred from Figure 2, the overall vapor concentrations are higher than at 900 mm
which is expected because of the higher plasma temperatures. However, the gap between W
and La is larger than at 900 mm. This is an indication that the inhomogeneity of evaporation

during flight is significant as W evaporates preferably.
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Figure 2. Vapor concentrations from OES for the plasma parameters A/B and C at
spray distances of 900 mm and 700 mm, respectively; the units are proportional to the

number of moles per unit volume.

Figure 3 presents the dependence of the vapor pressure on the temperature for different
compounds. WOs3 evaporates first followed by La, La>Os and finally W. Thus, the preferential
evaporation of WO3 is assumed to be the reason that the molar La/W ratio is affected during

spraying leading to an excess of La in the deposits.
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Figure 3: Vapor pressures as function of the temperature for different compounds; data

taken from Yaws (1995), Gmelin (1974), Samsonov (1986), Magrave (1967).

3.2.  Effect of the spray parameters on phase formation in LaWO coatings

Figure 4 presents the XRD patterns corresponding to as-sprayed samples A/1, B/1 and C/1.
Additionally, the quantification of the phases obtained from the Rietveld refinement is

summarized in Table 4.
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Intensity, sqrt. cts.

Figure 4. XRD pattern of plasma sprayed samples on graphite with different spraying
distances/plasma conditions a) coating A/1, b) coating B/1, c¢) coating C/1; c: cubic
LaWQO, *: La203 (main peak at approx. 30°), *: LagW2015 (main peak at 28°-29°), and

?: not absolutely certain.

Table 4. Phase composition of LaWO coatings sprayed on graphite; spraying was
carried without addition of O2 during the processing; the percentages denote fractions

as determined from the Rietveld analysis.

Sample LaWO cubic(%) | LasW2015(%) La203 (%)
Feedstock 100 - -
Coating A/1 89 3 8
Coating B/1 93 2 5
Coating C/1 98 - 2
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As it can be inferred from the obtained results, the coatings consist predominantly of the main
cubic LaWO phase. However, the undesired secondary phases La,O3 and LasW>0O15 were
also ascertained in more pronounced amounts for coatings A/l and B/1. Furthermore, it can
be observed that the quantity of the cubic phase increases when the spraying distance
becomes smaller at the same plasma composition (coatings A/1 and B/1). That would mean
that 900 mm distance (shorter thermal feedstock treatment) allows for better control over the
resulting phase composition of the coating. Changing the plasma composition toward lower
temperatures (coating C/1 versus coating B/1) at the same distance of 900 mm leads to further
improvement of the phase composition (coating C/1 discloses 2% phase impurity compared

to 7% for coating B/1).

In the work by Cadoret et al. [13], La-rich LaWO showed decomposition into co-existing
La;0; and LagW2015 phases at 10 mbar and 1000°C. Above, also a decreasing and even
disappearance of the LaxO3; phase was observed. This resembles the results of Shimura [1]
and later by Seeger and Magraso [4,12] showing that the stability range of the cubic LaWO
phase shifts to higher La/W ratios with increase in the processing temperature. Obviously,
the LaWO solid solution at increased temperature (1500-1550°C) features the incorporation
of more La,O3 without precipitating LaxO3; secondary phase as it is the case at lower

temperature (e.g., 1200-1300°C).

In contrast to the experimental conditions in the referenced works, in the PS-PVD process
investigated here, the coatings were sprayed on substrates with surface temperatures of 800-
900°C. Due to the very rapid cooling rates at particle impact, it is apparently possible to lock
highly La-saturated compositions, which is in line with our observation of increased lattice
parameter of the coatings (see section 3.5). Thus, the PS-PVD process is advantageous, also
in view of the disproportional evaporation of W during flight, which shifts the stoichiometry
to the La-rich domain. Evidently, the best condition is the parameter C as the temperatures

are the lowest and the flight time is the shortest.
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3.3.  Effect of the support on the phase characteristics of the coatings

Typical cooling rates of the impacting feedstock particles are extremely high in the PS-PVD
process and it has been shown in previous works [15,23-25] that phases existing at high
temperatures were retained at room temperature. In addition, the effect of the supporting
materials plays an important role due to different thermal conductivities. In this section,
coatings C/1 and C/2 deposited on graphite and Crofer substrates, respectively, are compared.
Figure 5 depicts the reference XRD pattern of the feedstock and for the two coatings. It is
evident that the variation of the substrate material has a pronounced impact on the phase
characteristics of material. The main peaks (222) and (004) are assigned with the main cubic

phase, as denoted in the graph.

(c 222)

o T 2 Intensity, sqrt. cts.

20 25 30 35 40
Bragg angle 26, deg

Figure 5: Excerpts of the XRD patterns for coatings sprayed on a) Crofer (coating C/2),
b) graphite (coating C/1) and c) feedstock; *:La203, *:LasW20i1s.
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For the feedstock, these peaks are well defined and sharp. Comparing the main peaks
recorded for the reference material and for the two coatings on graphite (C/1) and on Crofer

(C/2), respectively, peak broadening and also shifts to smaller Bragg angles are noticeable.

The observed peak broadening effects reflect strains, different solid solution homogeneities
and crystallite sizes. They will be discussed later. Apart from the broadening, slight peak
shifts to the left, particularly for coating C/2, are visible. Coatings obtained on graphite and
Crofer exhibited lattice constants equal to 11.225(1) A and 11.247(1) A, respectively, while
that of the reference material was determined to be 11.180(1) A. The observed increase in
the lattice constant can be assigned to oxygen release from the material due to the reducing
processing conditions. This could also be evidenced by the gray sample color, while samples
sintered in air are typically white. Further peak shifts may be introduced by strain effects to

different extents due to the thermal mismatch of coatings and substrates.

Coatings on graphite (C/1) experienced slower cooling rates than on Crofer (C/2) due to the
different designs of the sample holder (see Sect. 2.3) leading to a smaller heat removal rate
in the first case, although graphite reveals a higher thermal conductivity than Crofer. The
XRD pattern for the graphite supported coating C/1 is hence more consistent with the
reference pattern as slow cooling favors crystallite growth. Furthermore, the Crofer supported
coating C/2 showed a slight peak attributed to the La>O3 precipitate, which, however, is
slightly shifted from its 30° reference position.

3.4.  Effect of O: addition during the PS-PVD processing on the phase formation

Secondary phase evolution and distribution as a function of the O> addition during the spray
processing was studied by means of HT-XRD at 900°C and 1000°C in air. Figure 6 presents
the HT-XRD patterns collected for Crofer supported coatings C/3 (sprayed without addition
of O2) and C/4 (sprayed with addition of 4 slpm O to the process chamber atmosphere).
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Figure 6 (top) shows the evolution (RT—1000°C—RT, in air) of the LaWO coating without
addition of O; during the spraying. Ground state 1 (solid line at RT) shows a slight presence
of secondary phases (low intensity LasW20O15 peak). Ground state 2 (dotted line at RT) reveals
a more pronounced quantity of the LasW20O15 phase. At temperatures lower than 900°C, the
LasW2015 peak remained unchanged (spectra not shown here) and its intensity increases at
1000°C. Since the La>,O3 peak remained nearly unchanged, it is assumed that at 1000°C and
above, La>Os is segregated from the LaWO phase, while it is consumed at the same time by

the formation of LagW2O1s.

20



c(222)

4

5 c (004)

£

o

w

=

3

C

et

€ 1000°C

900°C
¥ RT
20 25 30 35 40
Bragg angle 26, deg
c(222)

g

Q

£

o

v

=

-

)

o

£ o 1000°C

900°C

20 25 30 35 40
Bragg angle 26, deg

Figure 6. HT-XRD patterns collected in air for LaWO coatings C/3 sprayed without
extra O: (top) and C/4 sprayed with 4 slpm Oz (bottom); c:cubic phase, *: La203, *:
LasW201s5 phases; XRD patterns at RT are given as reference measurements: solid line
corresponds to ground state 1 before heating, while the dotted line corresponds to

ground state 2 after the cooling.
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Figure 6 (bottom) depicts the evolution (RT—1000°C—RT in air) of the LaWO coating
sprayed with addition of O>. As expected, no LasW20O15 peak is present before the heat
treatment, and the La,Os is almost negligible (considering the measurement error and the
limited resolution of the HT-XRD measurements). At 900°C and 1000°C these phases evolve
but to a smaller extent compared to C/3. As a result, the XRD pattern of ground state 2 shows
reduced secondary phase peaks.

Table 5 summarizes quantitatively the phase compositions at RT and 1000°C obtained from

the Rietveld analysis of the HT-XRD patterns.

Table 5. Phase compositions of coatings C/3 and C/4 on Crofer at RT and 1000°C
according to the Rietveld analysis of the HT-XRD patterns (uncertainties = 1%).

O2 supply LaWQO, cubic (%) LasW20i15 (%) La203 (%)
during spray
processing, slpm
RT
-(C/3) 95 - 5
4 (C/4) 98 - 2
1000°C
-(C/3) 94 4 2
4 (C/4) 97 2 1

As it can be inferred from these results, the addition of O> during the spray processing leads
to an increased content of the main phase and diminished formation of secondary phases.
Adding O during spraying can be linked to stabilization of the cubic phase by filling oxygen
vacancies as it can be inferred also from the lattice constants: 11.247(1) A for C/3 versus
11.229 (1) A for C/4. Furthermore, it is evident that the phase composition will be practically

stable at membrane operating conditions at typical temperatures below 800-850°C.

22



3.5.  Lattice constant as function of the processing parameters

Figure 7 gives a graphical representation of the lattice constant as a function of the processing
conditions. As shown in the graph, the values for the PS-PVD coatings (C1-C4) are larger
than those of the feedstock (FS, La/W 5.5) and Ref. [12] (La/W 5.5). This indicates a higher
degree of lattice expansion for the PS-PVD processed coatings which might be associated
with a higher oxygen vacancy concentration. This is also known from other plasma sprayed
oxide ceramics [26]. High amounts of point defects benefit the conductivity properties of the
obtained material and thereof deposited coatings. As indicated earlier [27], the oxygen
deficiency plays an important role for the hydration and electrical properties of the proton
conductors. Oxygen vacancy concentration and La/W ratio are in a defect-chemical
correlation: one W on a La** site will neutralize 1.5 oxygen vacancies (W;,, acts as a
donor). Therefore, structures rich in W, i.e., at lower La/W ratio, exhibit a compromised
conductivity but are stable, while at higher La/W ratios, the material has an increased
conductivity but with compromised stability (within certain tolerance range). In this context,
the electrical conductivity of LaWO based materials in humid atmospheres was shown to
increase with increasing the La/W ratio [12]. Such observations are in line with the H»
permeation performance of the PS-PVD LaWO membrane reported earlier by our group [28]
as the H» permeation is directly proportional to the ambipolar conductivity of the material.
The H> permeation of a 60 um thick LaWO gas separation membrane on Crofer was ca. 0.4
ml/min-cm? at 825°C, which is the highest value for LaWO supported assembly at application
relevant temperatures reported so far [29]. This exceptional performance is comparable with

that of newly developed dual phase cer-cer and cer-met membranes [30,31].
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Figure 7. Lattice constant of the main LaWO cubic phase as function of the processing
conditions. FS: feedstock; Ref: [12]; C/1: graphite supported coating; C/2-C/4: Crofer

supported coatings.

It can be concluded that the reducing PS-PVD conditions generally affect the lattice
parameters. As explained above, the cooling rate of the graphite substrates is lower than for
the Crofer substrates due to the different sample dimensions and concepts of sample holders.
If sprayed on graphite, this obviously results in less La in the LaWO phase, and moreover in
less solution non-homogeneities and less strain effects (C/1 and C/2, respectively). Annealing
in air has no particular effect compared to annealing under 102 Pa Ar (C/2 and C/3,
respectively). However, the addition of O; to the process chamber atmosphere apparently
changes the oxygen equilibrium and leads to a reduction in oxygen vacancies (C/3 and C/4,

respectively).
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3.6.  Microstructure, morphology, strain effects and texture of the LaWO coatings

Figure 8 presents EBSD micrographs of LaWO coatings C/7 and C/8 both sprayed with O
addition and thereafter annealed under Ar (102 Pa) or air (atmospheric pressure),

respectively, from which phase distributions could be ascertained.

Figure 8. EBSD micrographs showing phase distributions of the main cubic LaWO
phase (red) and the secondary phases La:03 (pointed by yellow arrows) and LacW2015
(green) in a) sample C/6 coated with extra Oz and annealed in Ar and b) in sample C/7
coated with extra Oz and annealed in air; the coating contains mainly the cubic LaWO
phase (red), while the secondary phases La203 (yellow) and LasW201s5 (green) are in
negligible amounts; LasW2015 is more likely to be found surrounding pores after

contact with air.

After annealing in Ar or air, the content of the secondary phase La>O3 is very small as
indicated by the arrows. After annealing in air, LagW201s is observed. These results are in
agreement with the observations made via the XRD and HT-XRD analyses. Interestingly,
this phase as well as the La>,O3 was found around pores or inside cracks, i.e., surfaces exposed

to oxidation.
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Stored strain energy was analyzed for these coatings sprayed with addition of oxygen. Figure
9 shows kernel average misorientation (KAM) mappings displaying a homogenous
distribution of the stored energy. From Figure 9 a), it can be recognized that the light green
areas are not associated with the La,O3 impurities. Figure 9 b) shows the same situation as

the light green areas are not associated with secondary phases.

a)

Min Max Fraction Fraction

EFo° 3 0003 0913

Figure 9. EBSD Kernel Average Misorientation mappings (KAM, 100 nm, 5°); stored
strain energy in LaWO dense coatings; a) coating C/6; b) coating C/7; the higher level

of misorientation, and therefore strain, is seen in the brighter green color.

The KAM analysis shows that the lattice deformation is basically concentrated around the
sub-grain boundaries and not particularly around the secondary phases. This was observed
for coatings C/6, in which the amount of secondary phase La,Os is negligible, as well as for
C/7 with LasW20O15 impurities. This lets us conclude that there is no deleterious effect of the
presence of secondary phases (low amounts) with respect to residual stresses accumulation

and to the integrity of the coatings.
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Figure 10. EBSD grain orientation, morphology and sizes for sample C/6; a) grain
boundaries (blue: high-angle grain boundaries, green: low-angle grain boundaries, red:
sub-grain boundaries); b) grain morphology and sizes (green: 0.2-0.8 pm, yellow: 0.8-

1.6 pm, orange: 1.8-3.1 um, red: 3.5-10 pm).

Figure 10 shows the morphology of the sample C/6 annealed in Ar. Analyzing the grain
boundary distributions of the coating, it was found that high-angle grain boundaries form the
majority with only a few low angle or sub-grain boundaries. The grain elongation is mainly
perpendicular to the substrate, which is consistent with the thermal flux during solidification
of the deposited splats. The few low-angle grain boundaries might be resulting from residual
stresses introduced by quenching the individual particles from their molten state.

Recrystallization during annealing is obviously not significant.

4. Conclusions

We carried out a systematic study of the LaWO ceramic layers formation on porous metallic
substrates as a function of the PS-PVD processing parameters as plasma characteristics,
support type and temperature, as well as addition of O» during the spraying. One advantage

of the PS-PVD manufacturing route is that porous steel supports can be applied as they can
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be coated directly without any interlayer. Moreover, no subsequent sintering at elevated
temperatures is required. A set of processing conditions was established, leading to purely
cubic LaWO layers with negligible secondary phase precipitations (< 2%), excellent He gas
tightness in the range of 103-10* mbarl/s.cm® (98-99% coating density) and earlier
demonstrated unprecedented H» permeation performance of ca. 0.4 ml/min-cm? at 825°C and
60 um coating thickness [28]. The phase formation and evolution was strongly affected by
the cation and oxygen stoichiometries; being dependent on processing parameters and
additionally on the reducing atmospheres and the very fast cooling rates. By means of the
PS-PVD technique, coatings consisting predominantly of single cubic LaWO phase could be
obtained at lower temperatures (800-900°C) than conventionally applied (1450-1550°C), and
also for much shorter times. Furthermore, it was found that the colder spraying conditions
lead to milder W evaporation which kept the La/W ratio within the single phase domain
without formation of significant phase impurities. On the other side, the hotter plasma spray
conditions allowed for obtaining coatings with La/W ratio as high as 5.8-5.9 but with more
pronounced amounts of secondary phase inclusions. The phase evolution could be affected
by the addition of O to the process chamber, which then is incorporated into the crystal
lattice as evidenced by the lattice constant decrease, thus stabilizing the main LaWO phase.
In any case, even if some amounts of the secondary phases were present (as long as they are
minimal), they would not significantly affect the thermo-mechanical stability of the LaWO
coatings at application relevant conditions. The rapid cooling of the feedstock at particle
impact on the substrate led to formation of highly La-saturated compositions. Increased La
contents relate with higher oxygen deficiency in the coatings, which indeed was confirmed
by the significantly higher lattice parameter of the PS-PVD processed layers compared to the
conventionally produced samples. Such lattice expansion plays a beneficial role for the
hydration properties of the deposited functional layers. These observations are in line with
the high H, permeation value obtained for the LaWO layer as reported earlier. Finally, the
deposited layers exhibited fine grain microstructure, low levels of residual thermo-

mechanical stresses and appreciable phase stability at application relevant temperatures.
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