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Development of Thermal Spraying-Sintering
Technology for Solid Oxide Fuel Cells
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A thermal spraying-sintering process has been developed for an electrolyte and interconnect layer, which
results in improved gas tightness, a thinner layer, and higher electric conductivity as required for solid oxide
fuel cells (SOFCs). The process is characterized by the heat treatment of composition-controlled plasma-
sprayed layers. For the electrolyte, the addition of Mn@to zirconia powder is effective for reducing the
sintering temperature to obtain gas tightness and for suppressing the reaction between zirconia and air
electrode material. An electrolyte layer of 60um thickness with sufficient gas tightness and high ionic
conductivity was obtained by this process. For the interconnect, chromium-rich lanthanum chromite
powder, La,gCay Cr1:403, is optimum for both gas tightness and high electric conductivity of the layer. In
addition, a single cell with a 60um electrolyte was successfully fabricated using the thermal spraying-
sintering process. As a result of an operating test using,@nd humidified H, at 2000°C, a power density of
0.73 W/cnt was obtained. It was demonstrated that the thermal spraying-sintering technology is effective
for the fabrication of a thin gas tight layer for SOFCs.

sintering process,” to obtain improved gas tightness, a thinner

layer, and higher electric conductivity of the electrolyte and in-

terconnect layer$ In this process, chemical composition of

the powder and sintering temperature are important factors to

1. Introduction control the properties of the layer. The principal objective of this

study was to determine the optimum composition of the powder

Solid oxide fuel cells (SOFCs) are drawing much interest asand sintering temperature for the thermal spraying-sintering

a power generation system because of their high power generagprocess. In particular, the following items were investigated.

tion efficiency and the low impact they impose on the environ- ,

mentlt The basic structure of a SOFC consists of an electrolyte

layer in contact with an air electrode and a fuel electrode on each

side, and an interconnect layer between adjacent cells. The elec-

trolyte and interconnect must be gas tight to separate the fueland ; L

oxidant and must be thin to reduce the internal resistance of the tightness and microstructure of a lanthanum chromite inter-

. . connect layer.

cell. In addition, they must be chemically stable under the oper- ) . .

ating condition of SOFCs. » Evaluation of a single cell _W|th _the glectrolyte layer pre-
The plasma spray process is more attractive because of its fast ~Pared by the thermal spraying-sintering process.

deposition rate and easy masking for deposition of patterned .

structures, compared with other film formation processes such2. EXperimental

as electrochemical vapor deposition, chemical vapor deposition, . .

and sputtering. Therefore, the plasma spray process is being coré-1 Zirconia Electrolyte Layer

sidered as a means of reducing manufacturing cost. _ Electrolyte layers were sprayed using an atmospheric plasma
However, ceramic coatings may contain microcracks in- gprayving system manufactured by Plasma-Technik AG Switzer-
duced by shrinkage during the cooling of the deposit and poregang (PT-M1100C). Current and voltage settings of the gun (F4-
due to the entrainment of air in the depBsit-urthermore, coat- MB) were 570 A and 70 V, respectively. The primary gas used
ings of perovskite oxide, in particular, doped lanthanum \yaq argon with an addition of 23 vol.% secondary gas of hydro-
chromite, may change in chemical composition from the pow- gen_ A spray distance of 100 mm was used in this investigation.
der gnd _exh|b|t chemical heterogeneity due to the mgterlal Table 1 shows four different approaches for spraying the
volatility in the plasma arél These problems must be avoided gjectrolyte. YZ-1 is the simple spraying of a commercially avail-
in order to obtain gas tightness, high electric conductivity, and 5pje 8 mol.% YO-stabilized ZrQ (YSZ) powder. YZ-2 and
matching of thermal expansion coefficients as required for yz.3 are aimed at both reducing the sintering temperature and
SOFC_S' . . ) . suppressing the reaction between the zirconia and the air elec-
A sintering process h_as been investigated following plas_matrode material. YZ-2 is the spraying of Mp(drecoating) fol-
spraying, which is described hereafter as the “thermal spraying-jo\yed by the spraying of YSZ, while YZ-3 consists of spraying

MnO,-added YSZ. For YZ-1, YZ-2, and YZ-3, the deposits were

Keywords fuel cell, gas tightness, lanthanum chromite, plasma
spray, sintering, thermal spray, zirconia

Effect of sintering temperature and sintering agent (MnO
on both gas tightness and microstructure of a zirconia elec-
trolyte layer.

Effect of compositional change in the spraying on both gas

K. Okumura, Y. Aihara, S. Ito, andS. Kawasaki NGK Insulators, plasma sprayed onto lanthanum manganite porous substrates.
Ltd., Nagoya 467-8530, Japan. Contact e-mail: okumura@ngk.co.jp. Subsequently, the sprayed layers were sintered with the sub-
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Table 1 Spray process for the deposition of the electrolyte Hy

Number Powder specification Fuel Electrode
YZ-1 YSZ(a)
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YZ-2 MnO, (precoating 3 mg/ch), YSZ(a)

YZ-3 MnO,-added YSZ(a) (5 wt.%) s Electrolyte
vea o vszb) wlrnibiE b Air electrode
(a) Particle size: 16- 45 um %’ﬁ;’a@%&;@;j},ﬁ

(b) Average patrticle size: 0t8n

(@]
2 Interconnect

o ) Fig. 1 Design of a long monolithic planar cell
Table 2 Specifications of lanthanum chromite powders

Number Selected chemical composition
::g'% tao.sga).zgro.gsgs—é .T_-\ -5

- r y 0
LC-3 Lo iCar .Gt o0 . 2
LC-4 LasCa L1035 o r P
LC-5 LaydCaCr 16055 <+ -6

S

strates, in the temperature range of 1000 to 1650r 3 h in air. 2 -7
In addition, process YZ-4 was used for preparing a reference 7§
using a conventional pressing-sintering method at AG66r 3 P ° YZ_1
hin air. E -8 H evz-2

The N, gas permeability of the layer was measured at a pres- a 0yz-3 t T
sure of 0.1 kg/cito evaluate gas tightness. The microstructure, @ ?
chemical composition, and crystalline phase of the layers were ~ * |
examined by scanning electron microscopy, inductively coupled £ -9
plasma spectrometry, and x-ray diffraction (XRD), respectively. §’ 800 1000 1200 1400 1600

The ionic conductivity of the layer was measured by the AC im-

pedance method Sintering temperature (°C)

) Fig. 2 Effect of sintering temperature on, bas permeability of the
2.2 Lanthanum Chromite Interconnect Layer electrolyte layer

Table 2 shows the chemical compositions of lanthanum
chromite powders for the interconnect,Qa CaCQ, and C50O,
powders were weighed in proportions, as indicated in Table 2,
and finely ground on a grinding bench for about 24 h and thor-
oughly mixed. The mixture was sintered at 1300or 5 h in air.

The sintered material was subsequently broken up and finely
ground in a motor mill. Then, the sieve fractions (patrticle size:
45 ~ 105 um) were sprayed onto lanthanum manganite porous : :
substrates using current and voltage settings of 570 A and 70 V3' Results and Discussion

respectively. Plasma spraying system and process parametels 1 zirconia Electrolyte Layer

were the same as those used for the electrolyte layers describe

above. The sprayed layers of LC-3, LC-4, and LC-5 were sin-  The effect of the sintering temperature oygs permeabil-
tered with the substrates at 15@for 5 h in air. ity is shown in Fig. 2. In the spraying of YSZ (YZ-1), the per-

The N, permeability, microstructure, chemical composition, meability of the layer decreases suddenly above 15@hd
and crystalline phase of the layers were examined in a mannereaches a value of less than 108 cm*-gt-stat 1550°C. It was
similar to the zirconia electrolyte described above. Electric con- confirmed that gas tightness could be improved by the sinterin
ductivity was measured by the DC four-terminal method. process of the sprayed layer. On the other hand, for the proce

of spraying YSZ with Mn@precoating (YZ-2), and the process
2.3 Cell Evaluation of spraying MnQ together with YSZ (YZ-3), the permeability
values decrease at a lower temperature of X200he existence

A single cell with the electrolyte layer was fabricated by the of MnO, in the sintering stage was effective in reducing the tem-
thermal spraying-sintering process. The cell design is shown inperature required to obtain sufficient gas tightness.

Fig. 11 The 5 wt.% MnQ-added YSZ powder was plasma The microstructures of the layers are shown in Fig. 3. Nu-
sprayed onto the air electrode substrate. The laygurg@vas merous microcracks and pores are observed in the spraying ¢
subsequently sintered at 14@0for 3 h in air to achieve gas YSZ (a), while in the spraying-sintering of YSZ (1580, mi-
tightness of the electrolyte layer. Ni-YSZ was used for the fuel crocracks have disappeared and spherical closed pores ha
electrode. The cell size was 50 mm in leng®1 mm in width formed (b). The sudden decrease of permeability at°T5&0

x 6 mm in thickness. The active electrode area was 1.8 cm
A single cell was tested at 10@using Q and H-3% H,O

as the oxidant and fuel, respectively. The performance was eva

uated in terms of an open-circuit voltage (OCV) and a maximu

power density obtained from voltage-current characteristics.
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Fig. 3 Backscattered scanning electron micrographs of polished cross sections of the electrolyte layer on the air @& &pragiind of YSZ (YZ-
1), (b) spraying-sintering of YSZ (YZ-1, 155Q), (c) spraying-sintering of YSZ with Mn{precoating (YZ-2, 1400C), and ¢) spraying-sintering
of MnO,-added YSZ (YZ-3, 140€C)

considered to be due to the change in pore shape from open ms 10
crocracks to spherical closed pores upon sintering. However, & §
reaction product (white part), consisting of g2ra0O; insulat-
ing layer, was observed at the electrolyte/air electrode interface. .
This product is undesirable because it increases the internal re ¢
sistance of the cell. In the spraying-sintering of YSZ with MnO
precoating, spherical closed pores have formed at a lower tem:
perature of 1400 (c) and the reaction product was not ob-
served. However, some MpQdark part) remained at the
interface. In the spraying-sintering of Mptogether with YSZ
(d), spherical closed pores have formed, while neither the reac-
tion product nor Mn@was observed. The reason whyZ®0;,
was produced at the interface is believed to be related to the fac
that Mn in LaMnQ diffuses into YSZ to form a solid solution
of MnO and YSZ, while the remaining La reacts with Zt® 0 20 40 60 80 100 120
produce LaZr,0,. The existence of a proper content of Mn in Thick ( )
the layer suppresses the Mn diffusion, which eliminates the re- ) ickness Lu m )
action. Fig. 4 N;leak rate vs thickness of the spray-sintered electrolyte

In this process, the change in pore shape results in the obwhich is an advantage of this process over the conventional cos-
served gas tightness. The porosity of the layer probably does naintering with a combination of a green body and a slurry coating.
change, and, consequently, no shrinkage of the layer occurs dur  Figure 4 shows the relationship between théeblkage rate
ing sintering. Thus, separation of the layer was not observed,and the thickness of the layer in the spraying-sintering of MnO

Y

S

\ﬁ\e\&-&

N, leakage rate (X 107%cc+min™'*cm
N
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Table 3 Chemical composition, crystalline phase, and properties of zirconia layers

o)
Chemical Thermal %
composition expansion lonic =
(wt.%) Crystalline coefficient conductivity DY)
Process Powder ZrQ Y,0; MnO, phase (105 K)(a) (S/em)(b) g
Conventional YZ-4 83.21390 C 104 0.14 @
pressing-sintering ;D
Spraying-sintering YZ-3 81.11453.8 C 9.9 0.12 (<%
1400°C %3 h
C: Cubic single phase
(a) 40 to 1000C
(b) 1000°C
Table 4 N, gas permeability of the interconnect layers content in the spraying process is considered to be due to t
(100 um in thickness) high volatility of chromium oxide in the plasma jet.
N The crystalline phases of the layers are also given in Tablg
N2 gas permeability 5. The XRD peaks from sprayed-sintered layers are narrowe
Process Powder (crhg*-s?) R
Soravi c3 L6100 than those from the sprayed layers. This implies that crys
praying oA Lox10¢ tallinity was improved after the sintering process. In the spray
LC-5 2.0% 10°¢ ing-sintering process, a perovskite single phase was obtaine
Spraying-sintering LC-3 1.810% only for LC-4, while CaO and @D; were detected for LC-3 and
(1500°C x5 h) I_Lg;l g-gx igj LC-5, respectively. As can be seen from the results of the co
- .0x

ventional pressing-sintering process, the equilibrium nonstoi
chiometric range is narrow. It appears that0.95 and 1.05
in (La,Ca)Ci_,0s) may be beyond the nonstoichiometric range
at 1500C. Judging from the results of microstructural observa-
added YSZ. The leakage rate was very low for a thicknesstions, precipitated GO; may suppress the sintering of lan-
greater than 50m, but for a thickness less than/s8, the leak- ~ thanum chromite.
age rate suddenly increased, probably due to incomplete over ~The electric conductivities of the layers are also given in
lapping of the deposits. It was confirmed that aBdayer with Table 5. It was confirmed that the electric conductivity of each
sufficient gas tightness could be obtained by this process. layer was increased by the sintering process. This increase cg
The properties of the layers are given in Table 3, including be explained by both the microcrack disappearance and the cry
the chemical composition of the layer. The properties of the tallinity improvement upon sintering.
layer formed by the spraying-sintering process were comparable ~ The use of chromium-rich lanthanum chromite powder is
to those of the layer formed by a conventional pressing-sinter-preferable for compensating the chromium deficiency in the
ing process. spraying process and also for avoiding CaO precipitation in the
sintering process, while excess chromium in the sprayed laye
will inhibit the improvement of gas tightness. Therefore, the op-
timum composition of the lanthanum chromite powder must beg
The N, gas permeability of the lanthanum chromite intercon- Selected in this thermal spraying-sintering process. In this stud
nect layer is given in Table 4. In the thermal spraying-sintering, X = 1.10 (LC-4) was selected as the optimum composition of th
very low permeabilities of 1 t0%10¢ cn-g*-s' were obtained powder. However, this value may depend on such factors as t
for LC-3 and LC-4. Gas tightness of the sprayed lanthanum particle size and plasma-spray conditions. The understanding g
chromite layer was improved by the sintering process similarly these effects is an important subject for future studies.
to the above zirconia case. However, in the spraying-sintering of
LC-5, the_gas tightness was not improved. o 3.3 Cell Evaluation
The microstructures of the layers are shown in Fig. 5. In the
spraying of LC-4 (a), numerous microcracks and pores are ob- Figure 6 shows current density/voltage and current den
served, while in the spraying-sintering of LC-3 (b) and LC-4 (c), sity/power density characteristics of the cell when the cell was
only spherical pores are observed. However, in the spraying-operated at 100C. An OCV of 1060 mV was obtained, which
sintering of LC-5 (d), much smaller pores were observed, indi- is very close to the theoretical value calculated from the sup
cating that the layer has lower sinterability. Therefore, when plied-gas composition. This result implies sufficient gas tight-
using a proper composition of the powder, change in pore shapiness in the 60um electrolyte layer fabricated by the
and pore growth occurred during sintering, which resulted in the spraying-sintering process. The maximum power density of 0.7
lower N, gas permeability. W/cn? was obtained at 0.49 V and 1.50 Afcrhe result im-
The chemical compositions of the layers are given in Table plies that very low internal resistance was realized through thg
5. During the spraying, the chromium content decreased com-use of the very thin electrolyte layer. It was demonstrated tha
pared to the original powder in each case, but no further change¢he thermal spraying-sintering technology is effective for fabri-
occurred during the sintering step. The decrease of chromiumcation of thin gas-tight layer for SOFCs.

3.2 Lanthanum Chromite Interconnect Layer

Journal of Thermal Spray Technology Volume 9(3) September26BEY
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Fig. 5 Backscattered scanning electron micrographs of polished cross sections of the lanthanum chromite interconnect layer on the aj electrode. (

(b)

(d)

Spraying of LC-4,1§) spraying-sintering of LC-3 (150C), (c) spraying-sintering of LC-4 (150), and () spraying-sintering of LC-5 (150C)

4. Conclusions

A thermal spraying-sintering process has been developed fol,
achieving an improved gas tightness, thinner layer, and higher
electric conductivity of electrolyte and interconnect of SOFCs.

e The use of Mn@added YSZ powder is effective for both
reducing the sintering temperature to obtain gas tightness
and suppressing reaction between zirconia and the air elec
trode material. A zirconia electrolyte layer of @@ thick-
ness, fabricated by this process, exhibits improved gas

358—Volume 9(3) September 2000

tightness and high ionic conductivity, which satisfy the re-
quirements of SOFCs.

Chromium-rich lanthanum chromite powder is required in
the thermal spraying-sintering process, in order to obtain an
interconnect layer with both gas tightness and chemical ho-
mogeneity. In this experiment, §#&£a Cr;;§0; was se-
lected as the optimum composition. A lanthanum chromite
interconnect layer of 100m thickness, fabricated by this
process, exhibited improved gas tightness, chemical homo-
geneity, and higher electric conductivity, which are desir-
able for SOFCs.

Journal of Thermal Spray Technology
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Table 5 Chemical, crystalline phase, and properties of lanthanum chromite layers

Thermal
expansion Electric
Chemical Crystalline coefficient conductivity
Process Powder composition phase 108°CY(a) S/cm (b)
Conventional pressing-sintering LC-1 dsfCa 2Cro.00s.5 P+ CaO 9.9 31.2
LC-2 Lay slCa 2dCr.00 5.5 P 9.9 —
LC-3 L&y s/C.2/Cr1.0105.5 P+Cr,0.; 9.7 —
Spraying LC-3 LagCa LCro.005.5 P (broad) — 30.6
LC-4 L&y sCa2Cr10d03.5 P (broad) - 19.3
LC-5 Lay§Cay ,Cry 0035 P (broad) — 28.8
Spraying-sintering (1500C x 5 h) LC-3 La gCa LCrooOs5 P+ CaO 9.7 42.2
LC-4 LaosCa..Cr1.0d02.5 P 10.0 28.2
LC-5 L&y gCa :Cr1.003.5 P+ Cr,0, 9.8 34.2
P: perovskite
(a) 40 to 1000C
(b) 1000°C
—not measured
1.2 I I I I 12 effective for the fabrication of the layers having the high
T —*- Voltage performance required for SOFCs.
1 \1\\ —o—Power density]” | ! ~
£
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» A single cell with the 6Qum electrolyte was successfully
fabricated using the thermal spraying-sintering process. As ¢
a result of an electrical performance test, a high power den-
sity of 0.73 W/criat 1000C was achieved. It was demon-
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