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NAMTHIP KINGNOI : DEVELOPMENT AND TESTING OF BARIUM
BOROSILICATE GLASS SEALANT FOR PLANAR SOLID OXIDE
FUEL CELL UNDER REALISTIC OPERATING CONDITION. THESIS

ADVISOR : ASST. PROF. JIRATCHAYA AYAWANNA, Ph.D., 93 PP.

BARIUM BOROSILICATE GLASS/GLASS SEALANT/ZINC OXIDE/CALCIUM

OXIDE/STRONTIUM OXIDE/PLANAR SOLID OXIDE FUEL CELL

The objective of the study were to investigate and development of Barium
borosilicate glass for use as a sealant in Planar solid oxide fuel cell (Planar-SOFCs).
In this work, 7 glass-ceramic compositions are 1) Barium borosilicate 2) Barium zinc
silicate 3) Barium calcium silicate 4) Barium strontium silicate 5) Barium zinc calcium
silicate 6) Barium zinc strontium silicate and 7) Barium calcium strontium silicate.
The effect of ZnO, CaO, and SrO additives on thermal properties are glass transition
temperature (Tg), softening temperature (Ts), and coefficient of thermal expansion
(COE) by dilatometer. The crystallization of glass seals is investigated via both X-ray
diffractometer and following the interaction of glass-ceramic sealant interface by
scanning electron microscopy with energy dispersive spectroscopy. The joined Samaria
doped yttria electrolyte (SDC)/ glass-ceramic and the metallic interconnect (Crofer 22
APU)/ glass-ceramic tested at the SOFC working temperature of 800 °C for 50 h. All
7 glasses show Tg and T; are applicable for sealing with SOFC and ZnO, CaO, and SrO
affect to reduction of COE value are 5.24, 9.68, and 9.84 x 106 °C’! respectively. ZnO
shows a drawback effect on COE value in Barium zinc borosilicate. The joint interfaces
between the glass sealants and Crofer 22 APU after crystallization at 800 °C for 50 h

show the Barium borosilicate, Barium strontium borosilicate, Barium zinc calcium



borosilicate, and Barium zinc strontium borosilicate adhered well to SDC electrolyte
and Crofer 22 APU metallic interconnect. After gas tightness of Barium zinc strontium
borosilicate at 700 °C for 9 h in Ha/ O, atmosphere show that good bonding that is no
crack at interface and non-crystalline. Therefore, Barium zinc strontium borosilicate is

possibly suitable for working with Planar-SOFCs.
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Effect of bismuth oxide on crystallization and sealing behavior of barium
borosilicate glass sealant for SOFCs
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Nawoeds Bastum boeradlicate glines (RaO-SI0~H;0,) with the addition of 528 wes Bimuth msule ax additive
Gy coranbcs Cequivabent 1o |.23-3 88 mal¥ of 86,0, ln glases) were peepersd for waing a8 & sesslant for planar selid avide
Sedaar forl crells. The effect of B0, odditien an thermml properties, soucture, crystalitzation and jeinlng sterfuce of
""“”‘:d' the BaD-SK08,0, ghysses wan vestigatnd. TR specra showed 3 significan: effess of 81,0, adlitiun i the
Crppaliissrion ar0)- 80, Fly glama viractumm, cwasing 2 progressive conversion of (H0,] 10 (B0,] unit i the glasses. The 3,0,
Solid satde el cile additnn made O Ba0-80~5.0, gaw wrtwark Jess rigid Iting In a of n glass tem:

pecatere aad & soflesing pointt but Mill matntuine the thermal ¢ ion maneh be the Wrc 3

gu-u-lunuwmanﬁdduno.ymnmuunm metalliz & Swthe

2,04 obviousty

(e mysallizacen of e B0, cuntalning gaoes. Good adhesion of the 5-wit
1, 0ycomalning glass sealim with sanano doped cena )

metallle

iyte aed lronch

wirhout amy gans wws achrvnd 3t predong best for 205 at 500°C

1. Intreduction

Ome of tho challenges for impl o{paanunlanmm
cdlml’&)mbedevdomdhmmcmlmxm-h&nMI:
wsad (0 separate the nir and foels gasses sod to combine SOPC com.
poneets [11. The sealassts shonld Tiave high electrical resistance and
must be th hemically and hanically compatible with other

temsperntsge (B00-1000 °C), which may caune the leakage of gasses and
degradacion of SOPC. This i coully doe to the thermal expansion
mismatch between crystallized phases and olzer SOFC compoments
12,14).

Sarlum borate (Ba0SI0; B0,) ylas with thermal expansion
coeffickent (TEC) valwes of spproximately 10-12.% x 10°°°C™'and T,
Muwmdnmly ma:sn'c.npmw»ammm |u—m]

SOFC materials, which are solid slectrulyte, Il t
anode and cathode. The glass must #550 be stabile and long-time durakie
mdu",nnd}l,OnmupmuJ) ‘The main oriteria for sealant

lection & 1o sder the th | value, winch
must be in the rsage of 9 x 10-%°C% 1o 13 % 10-°°C", which is
close to that of the ccher SOFC comporents [7-8]. Howeves, finding a
good SOFC sealamt, especially hetween rigid cecamics and metals, is not
an easy task. Sines ceramics are chemical inert, fow Siffasibility and
high-coelting temperaturs materals, joining with metals are useafly not
applicable [9,10), Glsses, therefore, hove bren realized to be 2 po-
tenilal mutertal for joding 4 Je and matal b af its chessical
compatshility with the pafent ceransics aed metal [11,12]. [0 sddition,
the thermal expunsion, viscosty, flow abdity sod melting character-
bstics of ghasses can be modified aver Vatlstion of the s eamponitisn
and adberence of the glasses to the ceransics (s wnalfy quite goed (171,
However, glass cam be vitrified st the SOFC operation ot high

* Corresponding owhor.
el addrms jrmchaya@ oo ac o {3 Ayawasnal,

g dol o 10, 10167 jeondryss 2019 01 048

g plass seal are repored no |
with ymh-:-bqlued zirconds (YSZ), & commaon solid edecralyte far
SOFC, after heat treatment al B00-850"C for 100 b snd no diffusion of
elements between gluss and VS2 after & loag-term stabilsty 1est at 500 'C
[I71'l) mmllllin;ﬂ- lants are reported no with

ng Inter ulboy. H L it with
Mfmammaumww-uqcmmmmm
and ferritic stainfess steel (AISf 456) forming = porous mod weak in-
terface d of bactws chromete (BaCiOy) [19). Moreaver, the
mud!p,lnhnﬂummwunm;h-vmmy
delays crystallization sod dnomes good wettability of glasses on the
steel. B0, can ulso @hilet Wrect resction betwesn chromisen oxide
Mmmﬂmp!me!omlngmo.llj However, sume
carfiet stidies rrves] chat $i diffusion from barism-containing ghass inta

ST solid elocsralyte causes @ negative effect by docressing iomic con-

ductivity of the solid electrofyte [20). ‘Thersfare, barlum borate

Racelved 25 Ocober 2015, Recelved in revised furm 10 Jamaary 2019 Accepled 13 Jussary 2019

Avadable coline 08 Febeuary 2013
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glas—cernmic with & Jow ailics content is of interest 1o study for Jong-

term thermal and chemical stabdlity of glass sealants [14,10). The k-
[ of the adhesion b the glass and solid edectrolyte or
ghass and metallic i t joining interface, 35 well as the crys-

tallization of glasy sealest Torming glass—cesamic either during jobning

or operation processes are stodied by addition of 4 modifier In the
parent-glass comupositons [ 14).

Bismuth axide (Biy0;) s clesefied 2x » conditionsl glsss former

af 1ts high palarizability, Both (BID,] and (B0, glass net-

works building from Bi®* can be formed in the preseace of conven.

tionsl gless-forming catloos such =s Si*°, B, P*' and Ge*™ (1),

Although there are abendant studies co 8i;0,-8,0,-810, glases, the

understanding of the atoméc scale strucrure of 81,05 containing glasses

i 21l undor disousson due to the sensitivity of Bi jany in the giaw

Joumal of Nee-Crynaline Seluh 509 [2720) 48-52

Table L

Compoutons (mafs) of the prepored glasses.
Soat By addidise Covegrmd thrzrs {rabh)

Lald 30, 8,0, %0,

0 Cpurreyt ghows) 8737 am nie -
5 5656 ”n a8 i
1) S5 255 20 2
15 5530 1240 W55 sl
» s 1235 2135 s
kd 00 = nan 588

The locul structure of BiZOy<ontaiming gleses wis odtained by
T py (FTIR, BRUKER TENSOR 27,

mecwark variadon. The earller stady reports that when Bé,0, Is
ower 45 mol%, the " ioss act as the modefier in the 8i,0,-5,0, glass
metwork | 22], mesnwhily (be emerging [BaO,) strocture playy the same
role in the glass with a high Bi,0, content [ 2:]. The B0, -containing
bocoslicate glasses are previously used = 3 sealant for sodium sulfur
battery {73,291 0ds of grest interest becasse that the ghasy transition
i (T} and sofy {T,) of glass can be effec.
tively reduced by B0, [ "*] N.AO; -containing glass seals has also
Ben usod in SOFC application, The addition of Bi 0, can be effectively
duced the loa by glass and lanthanom strongium cobakt
ferite (LSCF) cothode for SOFC |29, Bi;0; cam enhance the (BO,) to
THOL] transition In ghiss strocture aod the focmatian of BIRO, phase in
glass.ceramics, leading to the sigaificant reduction kn bavon volacility
and thus the probsbition of b Bis05 ining glass and
LSCF cathode [20)

Therefore, In this study, B0, b of great interest as & giass modifier.

for impeoving thermal properties of the glass sealans, which is useful 10
by sealing tempersturn af the BiO~containing glesses with other
SOFC compaments, Regacding the modified thermal properties, the
crystallization of the 11,0, containing glass' seols during ‘ointing as
well a daring SOFC operation aro ol investigated. The offects of
besmuth axdde (B1,0,) cosdent oo ch isties and prog ‘Qﬁm

silica barium bornte glass; BaO S0, B0, (B285) gas-ceramic sfter:

devitrification at $00°C, which Is the intermediate gur.inm e
peuwte of planar SOFCs, were studied, The local glass structure and

properties of 81,0, y-as-a!mu!mdlho‘
content were stutdied by FTIR and dils >

) ot 2 ber range | 400 and 20000m "
Thermal expansicn coefficient (TEC) of the prepared glasses was mes-
sured with a dilatometer (NETZSCH DIL 402C, Germany) from room
temperature (o 600 °C 41 a heating rate of §°C/mmn. The glass transition

(Tg) and saftening tesny (T} were then identifing
lnun the lhcnnal expansion curve,

For joining test, BiOy~<ontaining glass powders were formed into 2
glass pasce by enlxing withs isopropanol sand appiied vozo 1he sirfaces of
Sm,0doped CeO, (SDC) ceramic ebectrolyte and 700 “C-preoxidized
TeCr alloy (CroferZZAPU) interconnect. All joining-test samples were
then beated al 800°C for 300, Jobst inerface amd erystallization be-
haviur of Bi;Oz-containing glass sealants with SDC electrolytes and
CroferZZAPU matallsc imterconnect after test were then examined via
hath X-cay diffractonseter [XRD, Beuker DS ADVANCE with Cu-Xu ril-
diation) and S g Eleceran M pe/Energy Disp Xray
Spectrvscopy (SEM-EDS, JEOL JSM-6010LY).

3. Results and discussion
A1. XRD specwra of Bl 0y containing glasses

The XRD spectra of 5-25%wt Hi,0 ~contalaing ghasses in compar-
Ison wrth the BaBS parent glass samples s showm In Fig. | The broad
humps appearing in the spectra confirm the amorphons ratare of all the
zlmundn In ndddition, o barge broad pesk ot arvind 20 = 25-30" is

Crystalline phase prmnd in glass-ceramic was ﬁmmhed by XRD

and SEM-EDS tech Audby test of MOy 12 plesses 10
SmyOy-doped QO (SDC) sold ehectrolyte  and FbCr wlloy
(Crofer22ArU) | wiy perfl d. leierfncial pl

between BlyOy-<ccotaining glasses/S0C and M,Ma glasses/
Crofer22APU were investignted using SEM-EDS. To our knowledge, this
& the flest repoet on the performance of Bi,Op-contalsing BaBS glasees
as 3 sealant with the SDC solid el=ctrolyte and the Crofer22APU me.
tllic intervommeet for plamar SOFCs. The Minding on the sealant prop-
erties dependence of the glass/electralyte reaction and the glass/ms-
tallic interconnect reaction will shed lights coto the design of rellable
sealing materiads for Totepmodinte tempersture (600-800°C) planar
SOFC application.

2, Materials and methods

The snmn:o—xum«slo,—nammp, [m;m
were prepared by ional melt tod with analyts
grade reagents, e BaCO;, HB0s and 510, as raw materials B0,
with the rato of 5-25wel are used as & ghess modifier, which Is
equivalent to 1.23-5 88 mol% in glasses as shown in Table 1. Batches of
30 g ruw matecials were melted in aluming crociiles ot 1300°C for 2h
using am elecric kiln, then the melts were posted onto steinless-sten!
maldd prioe to annealing at 500 °C for 30 min. The sanealed glasses were
then gricded nnd sieved through 230 mesh sieves

d, which |s @ 1ypical character of borate glass {20},

| 10%E0,
LT
12204 . o e B0,
'“J o~ ey |
w m “ v—- '

W W 0 5 W oW
20 (Cur-Ku) ! degrme

Fig. 1. XRD patrems of 5 25%wt Biz0, contuineg gases comparing with the
B20-5i0 8,0, or B2BS parem glas,

™ T
" o N
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T
4= = ~BaBS

AL, (x10°%)

W N0 400 K0 80 70
Temperature ('C)

° Rl

Pz 3 Dttt curves of 525wt DO rcontaining gleses comparing
with the BaG-S8i0,B0, m SaBS pareni phas (¥, = glasd Lesmsitioe,
Vo= soltenisg temperature and TEC = Thermal espensics eoefMcien de-
termined froen the dope of dilerometric linear lse berween 50 and 200 C), and
the smull dash lnes were also drawn for eye guide of T, azd T, patnts.

32 Thermal anadysis of M0 ,-contutung glasses

The thermal expunsion curves of Bi Oy containing glasses (8 com-

mwummwmy‘nnm!ummnlcn..l‘

Thermal expansion coefficiens (TEC), glass transition (Ty) and soflening
(48] lmmmdmmminn! froms :lmd-mamaa
are J dasafy of Ba,D, content in Fig 1

B0, from 5 to 25 wi% results in a slight Increase in TEC whdﬁm
BixOycontaining gases from 112 % 107" 1o 121 x 04!
(M'C).-dehmlnmlunlmm

glass
(11 % 107 %°C™ 7). This indicates that the addition of Biy0y bas not,
much effect on the incremsing TEC valus of the BaBS pagent gl TEC

of ull the propared glasses in this work s also clase o that of SDC
electrulyte (12<13 x 10 "°C"") (3] amd Crofer22APU metaliic in-
terconmect (11,2 % 107°°C™ ") [49] indicating a well match in the
sulimg process:

oo Y e 0
- Y ! r.‘
1204 “
1 » e
¢ 1 N o
: \ . a1
1144 Lo TR ST
ot e | L
é '\“ ? s
wl ()= o B
.
1124 . ~"'".-.f..-_ -
".-...
na - - - m
" " w Kl
B0 (weh)
Fig. 3. Thesmal espaasion coeMeieat (TEC) d ) v the shope of di

lutometric lisesr Bue between 50 and 300 'C, ghass transicion (T,) asd softenfng
[TJ temperature s o functicn of B0, coment 10 BaO-5I0,- D0, o B2BS
Harses. These Inclisde an Instrumensation error of 4 % 10°°'C 7 (34, 000 €
and 0,01 "C (NETZSCH T lmomeser Series dinx), respectively. The dash and dot
lines were alwo drawn for eye pade.

Jwwrnad of Wom Crymlbee Soluly 599 (A019) 4852

However, the addion of RiO, o the BaBS glass obviously de-
creases both T, and 7, of the BaBS glasses, which is probably due to the
lower hond strength of the lons and the fooser ghasy netwark [2004].
The previous report from S, Sang et al. [54], revealed an Inderesting
tendency of the T, and T, with ditfesent faccors in the glasses. Thelr
results also indicated that the T, d is on the glass strocture osinly,

h the T, depends m lly o the gth of chemicnl bomds,
The bond strength of Bi~0 (1025 kJ/mol) Is lower than that of 5i-0
(464 kI/mol) and B—0 (498 ki/mol), therefore the glass network be-
conme looser with the addition of B0y in BaBS glass network [24,77],
I addutioe. a large lonic radius bat small catban feld stresgeh with &
lone poir of valence shell slectrons causes a high polarization of W'~ =
bridging with O°~. Therefore, the lovser giass network, which & the
Increase of the mon beldging oxygens, occurred as the amount of 810,
content incresses [21]. The strong effect of Bé;04 on the decrease of T,
vilues also confirms the role of BiOy w4 network modifier in BaBS
glass structure, which will also be observed in the following FTIR
onolysis,

3.3 FTIR specerm of Bi0 conpining glases

Fig 4 shows the infrared () sbworggtion spectry of the Bi;0y<on-
tabning glasses. The IR spectrs of the B0, free glass {BaBS) shows six
main bands. Yhe band at about 471 cm * ' is due to $i—0—51 asymmetric
bendicg vibration and the shoulder Jocated at 724 om ™~ is attributed to
bendleg vibration of 8-0-8 In (B0} iangles [ 15]. The maln Intense
band Socated at 850-1100cm ™' represests a superpusition of two
Brammile sétuntest close to ench other, which are sssigned (o the stresching

of [HO,! hedral (~925em”") =d the combined
stretching vibrations of Si—0—5i and B-0-B neswork of tetrahedral
wructursl units (~1012em ") [35,36], The shoulder st 1220em ™"
refers to the strerching vileation of the boraxol eing and the haed
cencered at 1402 cm ' is due to the 8- stretching vibrathm of [BO;)
trisngies [37).

The sddition nu!,,o,.umachmpwmommmumn
. 4). The Si-0-5i asy ding vibration band at 471 em '

PP The bending vibrat) dl—o—ltn(l)dhmdloulldll
7240m ' w sen in e perent glas becomes moee intense with

L2 T T T r v T

= -
T\ LN ]
= N " A
25% 310, R =
L e __./’\._____ = 3
r ~ ‘I“ N
-’“‘P’ 2y " " M M 4 3
R — o — Y e —i
I 3 1
TR 7, Y P
o Ry

T

; ~— PR |
PS80, | A N M " Rk
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s N A = i i
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BaBs ]
W00 W0 MO W00 1200 1000 800D 80 400

Wirsoramae [ om )

¥ig. 4. Infrared (IR) absorpeion specun of S-25%at ;0ycontaming glesses
vomparng with the UlaG-S10,-0,0, or NalS parent glass
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Encreasing of the comtent of BiyOy. This oould Tead the appearance of the
sharp wod diseinet bands wlung with 4 shuulder at 620-720 cm ~ ', which
relevant to the bending winracions af Si—0—B bridges [ 7). A very small
band at around 828 on ™" is related to the symmetrical sretching vi-
bration of the Bi—0O bomls in the [BiO,) groups |50, As seea (o Ty 1,
the main band carrespoading o the stretching vibration of Si-0-5i
band In [SI0,] tetrabedron (—1012cm ') become beoad with the wd-
dition of Biy0y, indicating that 1he 81,0, sddition suks the BaBS gliss
neswark fesy cigid 1070,

Thase bands observed at 850-1200 cm ™' region indicote the B-0
bunid stretching of the tetrabedral BO, usits thal are comnected by the
Bi'* vatlons [ 07], The existonce of [BO,] units suggests that the ad:
dition of BS;04 Into the Bi0y-containing glass causes a progressive
conversion of [(BOy| (o (BO,) units {271, Although, BEOy is not & gless
network foemer in this syscem, |0 is possible that 81,0, bulld a glass
netwock composed of both (BIOy] octahedral and [Ki0,] pyramidal
unity in the gles-network contsining both B ™ and 5~ glass- forming
cationy 2%,19). As seen In Vg 4, the rensicy of the band around
~1385cm | decreases with the additon of &;0; suggesiiong the de-
crease of [BO5) unies b of the progr con to {80, )
uniss 1230, Meanwiule, the hands at —1300em " and —1500cm ™'

d to the vit of [BiGy] triongles, which b maote
intersse with am increase af the Bi 04 confent. The haod &t - 1200 e !
Indicaies the Bi—0" sreucting vibead of [150,] triangles, while the
band ot —15000m " ' is sttributed w0 ical himg of [8i0,)
Iriamghes | 40-47)

34, Phase idestificanion of teted B0 -consoining pleey

The XRD data (Fig %) revesls that peolonged hest trestment of

B/C~comtnining glasses ax 800 °C for 305 causes 3 significant varls
tion (n their crywallizatian behavioe. The majoe phase in B10-coo-
taining glass is the amorphous phase as (ypical broad hump wax o
served (o the XRD paiterns. The mmaining glesy phase in the gles-
ceramic sealy wet w « major factor in deciding the flow behayios of the
glass:cernmic seal and plays an impostant role in determining the -

action kinetics of chemical intoructics between seabft and SOSC

camponents {43). A bigh amonnt of glassy phase in l.he'husoer.mnc

Aumal of New-Crpinaiine Selide 509 {2079) 4853

seuls Is also expected to exhibit selfhealing behavior during SOFC op-
eration (4], XRD peaks reveals the presence of Yonwm silicato
{BoSis0g, POF  U60206), hexacelsian  Dariuwm  aluswoosilicace
[BRALSI 04, 1CSD DI-N77-0185) and barlum borote (Bas8,0, FOF
044.0584) with ather vaknown phases. The identified phases found in
the glass-ceramics colncide with vur previcss study, wivile the alu-
missam comtent is yp taken fram (he aluming crucible used during glass
meliing [16). The formation of crystalline phase was not observed in
the Swi% N Oy containing glass, The same phenomens are alvo fousd
in the glass with the skition of Bi,0y over 15 wite Crystallization was
taken place n the sample containleg 15 and 20.wt% BLO,, In which
the banum aluminate (BaAl;04, POF 17-0306]1 and Bismuth baran
oxide [Bipflys, POF 42-0194) present as the majoe phases. Other
unknowr phases and amarphous phases mzy be presented at a very low
coocentration. The result indacates that the phase evolusion in the
erysiallization of BEOycontining glesses s vamable with the oo
centration of 810, In which B4,0, aces ax a decelerating agent in glass,
This 35 wmilar to the offect of ALO, containing glases as reported by
EA Wim et al [44].

X.5. Microstructre of Joint semples

Microstructures of the devitnfied 80 -comaining glass-<eramicy
scals ot the joint intesface between glass/SDC dectralyto after hear-
treating at 800°C for 30h we shown @ Fiy 6. All B,0pcontaining
glass-ceramics has good sealing adhesion o the SDC electrolyie without
any observulde gapx SEM micrographs revesl the presesce of various
cryninlling shapes in the BaBS glass-ceramic samples (Fiy 62), while the
formation of caystalliine phase s not observed in the Swit% 8i0;-
cantaming glass-cormmic (Vg b An incrense of B0y sbove 5wtk
resulty in the lomnuon of ttynlull‘.-t phises in B0, contalning glass-

k. The and elongared crystalline phases are observed
m be 10w and lSwﬂ B Oy contaiming glass-cermmic ax ween In
fip e and d, respectively, Howeves, the crysiallise stze become
smaller after che amount 81,0, s higher than 15wt% (11 te) and
finally disappenr at the 25w Bi0; (Vg 6} The evolution of ¢rys-
nllirse pdases fonnd in the glicss-ceramics seals samgls are In consistent
with the Identified phases from XKD acalysis shown in Fig . The
formation of crystallized phases is decelerntnd with the addition of S-wi
W Bigy, while bariumn sloeninate (BeAl0,) and Rsmuth boron acdde
{8l B0y} are crystallized (n coly 10 and 15wt B30 ~containing
Fases

Fig 7 shows the SEM image of the joint interface between BLO,.

seals and Crofer22APU meallic interconmect
*fter hew treatment ot B00°C for 0h, The glass adhedon tewt I
Fig 7a—c comfirme et good mihesion can be achieved with the glass.
ceramics cootalung B Oy up to 10 wi%s, Booding et this interface can
be taken place by dissolvation of the chromium ukle layer, frsed
during pesaidation cr durleg jolaing with the glass [11). Preaxidiza
ton af the interconnect metals has bess reported 1o give b ad-
vaoiages on reducing pore ot toe Tnterfacial oo [197 sed incroasiog,

However, the presence of Ingerlayer alomg with the crack formation
uummmulm WiOxcontaining  glas<ersmies/
WW.‘WMMd@m:prmmmd

| 28-wiie PiQycontathing glasveemamics and Crofer22APU  inte-
-'mﬂninwﬂaya which & yuspect (o be o Cr diffasion luyer into

d by EDIS Hine g The
g in iz 8 shows the presence of Ba/Cr - rich area

i 254810,
S antn g i e
M W o 20%-8.0,
.
\
WM APAAAS A 19%:8L0,
3 )
= W PO F 10%:8,0,
% PRo 55%-80, the interfacinl banding [45)¢
E =, N
P
- $
. . '|° 2 sy
Al e ‘NMWLW d\-pn-(mnkd A in Flg Te), is

n 25 & 5 40 ‘6 w® ;G w
20 (Cu-Ka) ! degres

Fg. 5. XRD pecieens of S-25Mwt BiyOycontuinley samples crysallized a

£ C for 30h cumpaing with the 290-860,-8,0; o BaRS glas<oramic @

BALO, (PDF 17-0006), o Bl B0y, [POF 42.0194), W BaSi;04 (FDF
06-0206), W BaAl 56,0, (ICSD 014077.0185). (&) BayRy0y (POF 44-0584).

B

Is cbentned ot the nnpu:l interlayer, which is posribiy an orthurhombic
barium chromate (BaCrO,) phase, This phase i formed via the reac.
tions of B20 In the sealing glass with duwomla (Cr;04) or s vapor
pecies at the edpes or near adges of the smls where oxygen or air is
accessthle  [19). The BaCrO, phase has  higher TEC walun
(16-18 % 107°°C™") than those of the ghss<esamic seal and Cro-
Fer22APU metallie The and the
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(a)

BaBS | SDC
ghiuss

10 gt c—

)

15 wt%  SPC

Fig. & Beck

| slectron microgesphs of ! f
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(h)

5wi% | Spe

10 i c— 10 JI0 c—

(¢) in

20 wit% S 25 wi%

10 1101 —

Betwen glawe cozmmic sealants mad SOC electalyte alter srystallizstices a2 800 °C fee 304, (x)

BaO-Si0;-B:0, o BaBS parent ylasses and BaBS glasies with Bi 05 3%t (b, 10%wi (), 153w (d), 205w () und ZS%wi (D

foersacion of BaCrO, s not only leads 1o depletion of harlum in the
glass-cernmic, but can ziso couse the separation of the glass-ceramic
with the metallic alloy matrix doe to the thermal expansion misgmatch
causing the crack lormaan ar the jolna Interface of glass-cemmic/
metallic interconnect (1)

4. Conclusions

The addizlon of 5we B0, cases the chianges in BaO-SI0,-8,0,
sealing glasses structure and 15e redoction of approximately 50°C of »
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ez of thermal expansion values of glasses increase as Bi;04 content
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CroferZ2APU metallic imterconnecs, which is suitable to allow a good
Bonding with the sealed pats In planar solid oxide Mol ool The
crystallization In BaD-SI0,-850, sealing glass ar 80O C for 30K in
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Abstract. This work describes the performance of two glass-ceramic compositions, BaO-S10:-B,0:
(Barium borosilicate glass: BaBS} and Ba0Q-Zn0-Si0;-B,0y (Barium zine borosilicate glass:
BaBS-Zn), used for joining YSZ ceramic electrolytes and Crofer22APU metallic interconnects in
solid oxide fuel cells (SOFCs) working at 300°C for 50 h. ZaO had a negative effect on the thermal
expansion coefficient (TEC) value of the BaBS-Zn glass-ceramic. XRD and SEM results revealed
the formation of rod-shaped barium zing sificate crystalline phases in the BaBS-Zn glnss, which was
accompanied by cracks and poor adherence at the YSZ/BaBS-Zn joint interface after working at
800°C for 50 h. The formation of cracks pamllel to the interface between the Crofer22APU
interconnect and the BaBS-Zn glass-ceramic sealant was observed due to the severe TEC mismatch,
The BaBS glass—ceramic adhered well to the YSZ electrolyte as well as the pre-oxidized
Crofer22 APU without cracks. Chromium oXide scale developed between the pre-oxidized
Crofer22 APU/BaBS glass-ceramic jont interfoce with increasing the pre-oxidation temperature,
This study shows that BaBS glass-ceramic is more effective than BaBS-Zn as a sealant for joining
YSZ clectrolytes and Crofer22APL metallic interconnects in SOFCs working ar 800°C for 50 h.

Introduction

Planar solid oxide fuel cells (SOFCs) are an clectrochemical device for generating clectricity via
chemical reactions between oxidant and fuel gascs st high temperature (600 - 800°C) [1]. In order
to obtain higher eleetrical power, multiple cells of planar — SOFCs are constructed. Therefore,
hermetic sealants with suitable thermal-chemical compatibility and thermal éxpansion coefficient
(TEC) during high temperature operation are required to combine the SOFC components, ic.
clectrolyte, electrodes und metallic mnterconnect together and to separate fuel and oxidant gases
preventing gas leakage leading to cell degradation during operation.

The most common approach is to use glass sealants that can be tailored through an adjustment of
the glass compositions and microstructures of glass-ceramic by coatrolling the erystallization and
the joining processes [2 ~ 4]. However, the glass scalant can be devitnfied 6 imto a glass-ceramic
form at the high temperature of SOFC working condition, Thig zesults in the formation of
crystalline phasescauging ;4. TEC- mismatch between the- glass seafant and the other SOFC
compenents, resulting in the lgpkage because ofcmeks [2.5 - 6]

In order to find a suitable glass sedlant for planar SOFCs containing YSZ ceramic electrolyte and
Crofer22 APU metallic interconnects, two glass-ceramic compositions in barium (zinc) borosilicate
glass system, BaO-Si0,-B,0; (BaBS) and Ba0O-Zn0-Si0:-B;0; (BaBS—Zn), were prepared and
investigated for the joining performance between the YSZ clectrolyte or the Crofer22APU
interconnect and the glass sealants, The thermal properties of the prepared glasses were obtained by
dilatometer. The crystallization of the glass scalant was investigated via both X-ray difftactometer
and scanning electron microscopy with energy dispersive spectroscopy. The joined YSZ
electrolyte/glass-ceramic and Crofer22APU/glass-ceramic were morphologically charactenized and
tested for S0 h at the SOFC working temperature of 800°C,

A rights rasarved, No o’whmdlmg&am bomgodumdwlmﬂv\hdlnryluma any Menss witou Be witien semrtson of Trane
rmwmmprmmmcsm 14014)1%4«10. ANDE) o
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Materials and Methods

Barium borosilicate glasses, 75.6wt%Ba0-17.8w1%8i0:-6.6wt%B20; (BaBS) and BaBS glass
with 10wt% ZnO (BaBS—Zn), were prepared from barium carbonate (BaCO;), boric acid (HsBO,),
sea sand (S10;) and zinc oxide (ZnO) by melt-quenching technique at 1300°C for 2 h in an alumina
crucible prior to annealing at 500°C for 30 min, The anncaled glasses were ground into powder and
sieved through 230 mesh-sieves prior to nucleation heat treatment at 590°C for 5 h. The thermal
expansion coefficient (TEC), glass transition temperature (T,) and dilatometric softening point (Ty)
of the glfss powders were obtained from NETZSCH DIL 402 PC dilatometer using a heating rate of
5°Cmin’. '

For the joming test, non-treated and heat-treated glass powders were mixed with iso-propanol o
form glass paste and were applied on YSZ cersmic electrolytes. Surface treatment was performed
on the Crofer22 APU metallic interconnect at 700-900°C for 5 h in order to study the pre-oxidation
effect of metallic surface on the joining surface. The glass paste was cast onto the Crofer22APU
interconnect both with and without pre-oxidation. Then, all the joining-test samples were heated at
800 °C for 50 h using a 5°Cmin’' heating rate,

The crystalline phase of the tested glass sealants over 28 range of 20° - 60° was confirmed using
a Bruker D8 ADVANCE X-ray diffractometer with Cu-Ka radiation having wavelength 0.15405
nm. The microstrucoure of the joined YSZ electrolyte/glass-ceramic and Crofer22APU/glass-
ceramic interfaces was examined by JEOL JSM-6010 LV scanning clectron microscopy with
encrgy dispersive X-ray spectroscopy (SEM/EDS, Oxford Instrument X-MaxN).

Results and Discussion

Fig. | reveals that the BeBS and BaBS-Zn glasses exhibit low T, and Ty, which make them
suitable for low-temperature sealing with SOFC components operating in the range of 600 ~ 800°C,
The BaBS and BaBS-Zn glasses had almost the sume T, and T values indicating that there was no
direct effect from the ZnO on the T, and Ty of the BaBS glass. The local structure of the BuBS and
BaBS-Zn glass, as cvaluated by FTIR technique, are also similar (not shown here). However, ZnQ
had a negative cffect on the TEC value of the BaBS-Zn glass, which decreased from 11.2x10% °C
to 5.5%10° °C. This is probably due to the formation of crystalline phases in the BaBS-Zn glass
(Fig. 2). Fig. 2 shows that different phases between the BaBS and BaBS-Zn glasses were observed
after crystallization at 800°C for 50 h, Barnium silicates-monoclinic phase (Ba;Siy0g), barium
aluminosilicate-hexagonal phase (BaAl:Si:0y), barium boratc-ortharhombic phase (BasB20g) and
some unknown phascs were found in the BaBS glass-ceramic regardless of the nucleation heat
treatment. The sluminum content in the aluminum-containing BaAlyS1Oy phases found in the
BaBS glass-ccramic both with and without heat treatment was most likely taken up from the
alumina (ALO,) crucible used for glass melting in thig study. This cffcct was also reported in 8
previous seudy by Arora ctal. [7]. The identified phases in the BaBS glass arc.in agreement with the
findings from several studies [8-11] The identified phase in the BaBS-Zn glass-ceramic was
somewhat “different from the BaBS glass-ceramic, Barium zinc® silicate-hexagonal phase
(BaZnSiO,) and banum zinc silicate-ortharhombic phase (BaZn,Si,0;) were observed together with
minor Ba;B;0y and unknown phases, Since the TEC vilue of these identified phascs are in the same
range of the BaBS glass, the decrease of the TEC value found in the BaBS-Zn glass is probably duc
to the formation of unknown phase when ZnO 15 added mto BaBS glass.
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Fig. 2. XRD panemns of BaBS and BaBS-Zn glasses with and without heat treatment (HT390) showing various
crystalling phases 2fter crystallization test at 800°C.

Back scauered clectron images of the joined YSZ/glass-ceramic us shown ifFig. 3 reveal that heat-
treatment at-5907C prior to crystallization reduced the size of the reetangular low-silicon barium
aluminosilicate phase (Fig. 3A and 3C) as a result of changes inthe grystallization kinetics of the
rectangular phase, This shows that the nucleation rate owards Crystallization can be increased by
heal treatment. This finding is inagrcement with the report from Kumar et al. [6]. The BaBS glass-
ceramic was found to adhere well to the YSZ ceramic electrolyte, From Fig. 3D, the formation of
rod shape barium zine silicare (*a”) was observed in BaBS-Zn glass-ceramic sealant, which was
confirmed to be BaZnSiQ), crystalline phase by Ba/Zn molar ratio from EDS analysis (not shown).
The formation of BaZnSi10s accompanies cracks at the YSZ/BaBS-Zn glass-ceramics due to the
reduction in the TEC value of the BaBS-Zn glass to be 5.5%10° °C ', which is incompatible with
the TEC value of the YSZ electrolyte (10— 12 =10 °C ™) [12].
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halin

Fig. 3. Back scanered eleciron images of joined YS2/glass-coramic prepared from non-heated BaBS glass (A), BaBS-
Zn glass (B) and heated (590°C, 5 h) BaBS glaes (C), BaBS-Zn glass (D) efter crystallization at 800°C for 50 h
{# = BaZnSiO, crystdline phase)

The joint interfaces between the glass sealants and the Crofer22APU metallic interconnect after
testing at 800°C for 50 h are shown in Fig. 4. The BaBS glass—ceramic adhered well to the pre-
oxidized Crofer22APU without cracks (Fig. 4 A1-A3). A pre-oxidation layer of chromium oxide
scale (“b") gradually developed between the pre-oxidized Crofer22APU/BaBS glass-ceramic joint
interface as the pre-oxidation lemperature increased (Fig. 4 A1-A3). The presence of chromium
oxide scale, as confirmed by the SEM surface images of pre-oxidized Crofer22APU, accompanics
clemental analysis by EDS technique (Fig, 5). As the pre-exidation temperature increased, an oxide
layer was gradually grown on the surface of the Crofer22APU interconneet which was exposed to
ambient atmosphere during pre-oxidation in the furnace. The surface topology exhibited a uniform
polycrystalline structure with ridges creating polygonal shaped outlines throughout the surface (Fig.
5B - SD). Elemental analysis of the variable pre-oxidized Crofer22APU surface in Figure SE
revealed a decrease in Fe content when the Crofer22APU surface was exposed to higher pre-
oxidized temperatures, whereas the Cr and O content was found to have increased, indicating the
development of a Ce-rich, low=Fe oxide layer on the pre-oxidized Crofer22APU surface [13).

Metal “B0

Fig. 4. Back scattered clectron imnges of joints between glass<ceramic scalants prepared from (A) BaBS glass and (8)
BaBS -10%wt Zn0) containing glass and pre-oxsdized Crofer22APU at (a) 700 °C, (b) 800 °C and (¢) %00 *C for 5 b
All the joint semples arc 2fter crystallization at §00°C for 50 b, (C = Chromium oxide scale).
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The presence of the Crrich oxide scule has a positive effect on the interface of the
Crofer22APU/BaBS glass ceramic (Fig. 4 A1-A3), This layer acts a8 o protective oxide scale
preventing diffusion of Cr atoms from the Crofer22APU towards the Ba-containing glass surface,
which would lead to the formation of high TEC barium chromate phase (Ba(r()y) and cracks at the
joint interface because of severe TEC mismatch [6]. On the contrary, the formation of cracks and
large paps parallel (o the interfuces between the Crofer22 APU metallic interconnect and the BaBS-
Zn glass-ceramic was found due to severe TEC mismatch regardless of the pre-oxidation (Fig. 4
B1-B3). This study shows that BaBS glass-ceramic sealant can be used well with YSZ ceramic
clectrolyte and Crofer22APU metallic interconnect in SOFCs, whereas BaBS-Zn glass-ccramic
needs more improvement 1o use with these two SOFC components since the ZnO affects the
reduction of the TEC value of the BaBS-Zn glass-ceramic sealant leading to cracks at the joint
interface due to TEC mismatch

Summary

Two glass compositions, BaO-5i0;-B,0; and BaO-Zn(-510,-B,0, _for usc as a scalant in SOFC
applications were prepared and their performances were tested at 800 °C for 50 h. The BaO-Si0;-
B;0; glass was more effective as a sealant material than the Ba0-Zn0-Si0;-B;0; glass when using
with YSZ ceramic eleetrolyte and Crofer22ZAPU metallic interconnect in the SOFC working
condition at 800°C for 50 h. The pre-oxidation treatment of Crofer22APU metallic interconnect
induced the formation of chromium rich oxide scale benween the BaO-Si0,-B;0, glass and the
Crofer22APU  joint interface leading to good adherence of the joined BaO-Si0-B,0s
glass/Crofer22 APU during test for 50 h at 800 °C,

Acknowledgements

The authors would like to-acknowledge Suranaree University of Technology and Maejo
University for their funding support.




92

Solid State Phenomena Vol. 283 77

References

[1] Taroco, H. A., Santos, J. A. F., Domingues, R. Z. and Matencio, T, Department, Ceramic
Materiale for Solid Oxide Fuel Cells, Department of Chemistry/Universidade Federal de Minas
Gerais Brasil,

(2] A. Arora, V. Kumar, K. Singh, O.P. Pandey, Structural, thermal and crystallization Kinetics of
Zn0-Ba0-Si0:-B20:-Mn:0: based glass sealants for solid oxide fuel cells, Ceram, Int. 37 (2011)
21012107,

[3] A. Arora, K. Singh, O.P. Pandey, Thermal, structural and crystallization kinetics of $i0;-BaQ-
Zn0-B;0:-Al;0; glass samples as & scalant for SOFC, Int, J. Hydrogen Energy 36 (2011) 14948
14955,

{4] CK, Lin, Y.A. Ly, S.H, Wy, CK. Liu, R.Y. Lee, Joint strength of a solid oxide fuel cell glass
ceramic sealant with metallic interconnect in a reducing environment, J. Power Sources 280 (2015)
272-288.

(5] F. Smeacetto, A, Chrysanthou, T. Moskalewicz, M, Salvo, Thermal cycling of Crofer22APU
sealant-anade supported clectrolyte joined structures for planar SOFCs up to 3000h, Mater. Lett. 111
(2013) 143-146.

[6] V. Kumar, G. Kaur, K. Lu, G. Pickrell, Interfacial compatibility of alumino-borosilicate glass
sealants with AISI 441 and YSZ for different atmospheres, Int, J. Hydrogen Energy 40 (2015)1195~
1202.

[7] A. Arora, F.R. Shazban, K, Singh, O.P, Pandcy, Non-isothermal crystallization kinetics of ZnO-
Ba0-B,0:-Si0; glass, J. Non-Cryst. Solids 354 (2008) 3944-3951.

[8] T. Sun, H. Xiao, W, Guo, X, Hong, Effect of Al:0: content on Ba0-AL05-B104-Si0; glass
scalant for solid oxide fuel cell, Ceram, Int, 36 (2010) 821-826.

(9] M.J. Da Silva, IF. Bartolomé, A.H. De Aza, S. Mcllo-Castanho, Glass ceramic scalants
belonging o BAS (BaO-Al;0;-Si0;) ternary Ssystem modified with B.O; addition: A different
approach to access the SOFC scal issue, J, Fur. Ceram. Soc, 36 (2016) 631-644.

[10] A. Arora, A. Goel, E.R. Shaaban, K. Singh, O.P. Pandey, JM.F. Ferreira, Crystailization
kinctics of BaO-ZnO-Al,0,-B;05-S10; glass, Physica B 403 (2008) 17381746,

[11] N. Laorodphan, J, Ayawanna, Ba0-Al0;-Si05-B;0; Glass-Ceramic SOFCs Sealant: Effect of
ZnO additive, Key Eug. Mater, 751, (2047) 455-460.

(12] M.K. Mahapatra, K. Eu, Review Scal glass for solid oxide fuel cells, J. Power Sources 195
(2010) 7129-7139,

[13] R. Amendola, P. Gannon, B, Ellingwood, K. Hoyt, P. Piccardo, P, Genocchio, Oxidation
behavior of coated and preoxidized femritic steel in single and dual atmosphereexposures at 300 °C,
Surf. Coat. Tech, 206 (2012) 2173-2180.




J a Y a

Y ] [
uahing nevles naoduil 5 AoUNgENIAN WA, 2538 & AN TAasZYS

=

0o < = v W = Y a a o Y o @ ~
dusamsaneszaudsondnnn IsauSewe ¥ “Suaineyga” Sunowe'ld sandaaseays
Tuilnisdnun 2556 nazitnsumsanu luszdugandnul aaeaszoznainsdnu 145y
= =l = o < = Y] a =S Y = aa YY) £
NUMIANEININNUEoUR duduSamsanyIszaulsyaai drufesatisuduaunile 910

a s a a a v = ~ = =2
AUSIAINTIUAITAT T1VIAINTTULLIIUN NﬁTJTIEJ'IaEJWIﬂTuIﬁEJﬁﬁU”Iﬁ TuTnsfnyi 2559

(% [ v A

1 @ a a a a J
pazladhanmiae luseaudTaar In mvdniainssuiag d1ininiainssuamans

i Inerdemaluladgsuis 1uil 2560 Tae'lasunumsanudmsudiinanisisoudiau

a R a [ =Y = 1 =< 9 a wvAa
i&ﬂﬂﬂm“ﬂﬁﬁﬂﬂ"lﬂ"lﬂiJﬁW?ﬂﬂ?ﬁﬂ!ﬂﬂiﬂiﬁﬂﬁ:iﬂ?ﬁ 1ui%ﬁ31ﬂﬂ1iﬁﬂy11ﬂﬂ{]‘]Jﬂ\ﬂu(lu
i

v A

dAuidedon Tudsudal §Uansniussidn ¥ 3T susin d11in390

A

a 4 a @ =~ ~ d v 1 1 YYaow a
AIAINTTUMTAAT Nﬁ1ﬁﬂﬂ1aﬂlﬂﬂ1uiﬁﬂq5u1i iﬂﬂﬂigf’f‘Uﬂﬁmﬂ\‘lﬂﬁTJ"H’Jt’lﬁl‘I’i@’Ji}‘(’Jlﬂﬂfﬂi

E4

~ 9 @ 9 I Y o Ao Y < 1 = Aw A
Liﬂuguazmmiawwmmmgmﬂizqﬂ@%ﬂmm’ma‘lmﬂuamm DN UHINUAAITUNN

a 1 Yo A Aa J 1 ) a [
'J"]ﬂﬂ'liﬁhlﬂi‘]Jﬂ15G]W1I‘WLN‘(’JLLW5LLa$uuﬁuﬂiuﬂuﬂ%WﬂWi ﬂ\‘iﬂi?ﬂgiuﬂ'lﬂwu?ﬂ U



