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Strength of Cracked Ceramics in

Hot Corrosive Environments
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Abstract

The purpose of this paper is to report on the strengthening mechanism of corroded and/or
eroded ceramics at elevated temperature.

A study was conducted on the effect of surface cracks on the fracture strength of ceramics
used for the lower-quality fueled gas turbine or diesel engine. In general, in order to remove
the surface defects or to form into correct shape the ceramic materials has been machined at
a great cost and a waste of time. Even if the materials were carefully machined their surface
would be attacked under service conditions of gas turbine to the extent of considerable
damages by corrosive ashes and such an effort consequently seems to be useless. The
experiments were carried out on the fracture strengthes by bending stress and tensile stress
under the various test conditions. Partially stabilized zirconia, silicon carbide and silicon
nitride were used for test specimens. In these materials the silicon nitride was mainly used in
this study. The tests were performed in the range of 650 to 1200 °C for 1.5 hours to 150hours
with and without corrosive ash. Vanadium pentoxide and /or sodium sulfate were applied on
the surface of bending test specimen and tensile test specimens were exposed to combustion
gas flow containing sulpher and sodium. In order to simulate mechanical surface defects on
the specimens, Vickers hardness indentation method or blast erosion damage was applied as
quantitative tool. Conventional bending machine with an electric furnace and burner rig with
a tensile loading apparatus were used in fracture strength tests. The experimental results
show that the existence of artificial corrosive ash containing sodium sulphate or hold in low
quality fueled combustion gas, the fracture strength of cracked specimen is comparable to the
non cracked or smooth specimen and hadn’t any scattering among the results. On the other
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hand on a electric furnace test the bending strength of cracked specimen applying sodium
sulfate had considerable scattering under the similar test condition. It seems this difference
depends on whether the molten salt enter into the cracks or not. In the case of burner rig test,
a dynamic pressure activate entering of gaseous or liquid molten salt into the cracks, but on
the electric furnace the sodium sulfate didn’t always dissolve sufficiently or not active. Some
experimental facts likely supporting this hypothesis were obtained with EPMA. These results
mean that at least on lower-quality fueled gas turbine engine the high quality finishing work
on the blade surface is useless rather than insignificant.
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HERCHABNPEE L (HEHE Lz Z5TY
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HERUEESRR2H2.108 X OF2. 11157,
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BRESRGOEL, BIBR TR DA, 58D
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S, MENFEEL CTRETENEN L, /-, E
SRFRDSELBRE N 2 L b H D . RTFEEH T OBES
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HEBEGEOREBOECIHEEDZ L LTHA TV 3,
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WY BEAFZHEENTBEY, b7 BHLY T
FEF I R W2 I & 2-3pm. 1B 40,m D FI IR O BRI B E 53T
BE N, & 5127 DERICES130mDER L -85
FHICEBEB BRI N, ZOEEFR THLULMAT
T3 LOHEOTRED» 6L TOREF IOV TR—
THEOBABES NI LIRS KW, W»WL DHhDHR
BRI DOWTHREBE LI ARERITS DX IIEL-
Tz BRI & Wi OB 2 2. 12107R T,

2.4 HEREE
2.4.1 BFEEREE
}2.13 @R &I CBRFOFI 3 AXFRHOR
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2.4.2 2V —FHEERSERE

X353y 7 ADBEREBRIZ—MWICERHETH B, =
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WHEDORI0% DA 25 2 THREBFEHNE > L8
TAEWASICEBEEEE U I THITOREZR/NE
kb k5 liz,
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VERBREO A, BEETTTVIEDE v
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LHICHITOBESET TSI L 2ELDI, 2D
ERESIB LU AR HETZ Z LItk > THER
THb,—7 SiC LEUCI0°CTHERL 72 Si;N,DHE
AT U b e ORI L Tl wnds, 2RI
ZROERICLZbDLEEZOND,

7 V) — B SRERE OH I E L 5 BREOSEH S
WFENRLHE Y TEREINTEY .. REBEEOROIZE/N
FRICE > TWwW5b, BRIZESRIC X 3MED T HESR
REAWRITELR Y, FO-D9EE*»BHEBEATET
DEETW L Fkk Loz,

2.4.3 Re=F=ys

SN =) T DRRBERR. BB RIFE. WEEEN
BELPN2.14,HM2.158 X UB2. 1612 #F NFNRT R
B IIK2.1055&FEA (D) 2 Bwvi,

PREESLIT AR (TS 9) WNEED, — 73
A VEAADBRREER L L TR EhIZbD%:

IRARECIT e RS 325 B15 (FRTHE) HRms 9
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MREEER AR D & BB B RIS 2 5 TR I N EE100
mm OFEWCESI0mm O 7V 2 FHOENFEA X
NTH3 HBRFREBEHOT AREIZA T vV AET,
HNELORICES®/MmMOTIVEFE Xy B FiE
ENTn3,

HEH £FE120mm O 5 b EEA X 12 2 54513
HFRO40mm OFS T, ETIRIIEEOPICH S, &
ETEIRBRFIBRImm ERTIETDH 2 B5EREE
TE2EREL, FRO 1RSI RERHEOMET 7
Fx—FBPROFTFeNTWS,

BRI 7 BRI R 7 EHE VIR U T AR R E
DOHARBEEL]z, ZOM1EEIE L, TRIZERY
Jizb ODOMERZRR S ¥, BRIEDABIRENE—
Wigb &3 1Cliz, :

BRAEENCMEC & D BHEEENS0MPa/sec. TR
T & W7z, REEESERIZEERE 2BV (T - REET
HEEME IS ¥z,

(B H R R ]

EBERFOPICBNCEINBEEERD ., ihis
D HTERRBRARAOREFOHM & F TR
HHATZENETNERESHEZET 20T, BBF2k%
FAUBELARTILETERZY, LrLERBESHER
FERPWEERTH B2 Z . ATRIBEEZRT 5850
FEBR RO AR S TREBEESRTLISTH
2t oPixl LbBAERET 2L BELT
BRIER R, ZhiciE-> TEEFREHS S ZoE0AK
BEEHLTITZIE L v, LeLasoERBEORERI
BPEP523RFELT
(DFNIB-> THBR 2 28RO TW 2D TTHR

CEIPNI:D DOEEMEBENEL K5, .
QTFRCE DI NIz b O ERBEBRF OB OBELZ

UCRE L R CBREERERET 5,

Primary air

30 ~ 48g/s salt water (ASTM D1141-75)

0.076ml/min
—e———— Fuel(S:1%wt.) 1.4~ 2.0g/s
\g——— Atomizing air 1.5~ 1.8g/s

200¢ 500 @

Dilute air ——*— l

50~ 18g/s 500 N—

3200 i
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BEI00°CD L EFKEED A AR L % HIG SEE D
SPRIRE I L T, #iHRARE I A TS
D530~ 40CCRBITET T2 PHICFERLES
BROENTz, THIZBE SEIRER BT BRI 25 1
Lo TEMEBMLLEREEDN, 7—F L LTE
BRI SZ B35 hotze ZDRHYPIEL DE
BREFCHLUTEHIL 82 EF—5 L LT LaFE
TELholz, 2D 3 CERELEMEEOI AT
SR ol BEETFEENE LB IR O REHILE 2
BEZD L& o TERERED FETRARIED
D, TN EHTBERGTOKRE EBETHLTVWE T
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nfa BT SE TR

PSZ T BERIE T DREDRKREWHEL T4 R
1d¥ > 7 ZH PSZ 2 EER40-50% K E v b D DOEVEE
X PSZ D 415, BERELHIZL/AD7: DFREEIGT
BFIEAPINE L ERERBTOEE DY PSZ D 2 5
BETH2 00 @EMGHRELEBEERTICEZ 2K
EEIFROBREZOFEERIL RV IRV EEIONR
2, L LEBETZrA4ABIo0Th, & ICHKEIZR
BHHE 2 BRLZ RS TR EL T, ABREEETOR
Wk izl
[(FRLEEE)

HENCHWIREIZ ABHMTH D, A Y 0 7 EER
#H570.09% LT, K40.001% (=10ppm) U T &>
TWw 33 21X VAMAS TOERIQ00BFFE I H 7z %
SEMOBRIEMBERBICEL TIZ200L AY F 3 4
ETHIR IEMBZBALEBE Dy VEORE, F
MDA, NFYTLADEEEESWLIZL ZBROD
L3z o Tz,

S 0.05 0.06 0.08 wt%
Na : 5 2 3 ppm
vV i <1 <1 <1 ppm

ZhiZdicili~7z Na fii & & U Tdmg/cm?/h % i
T2 LFEBRBEC L - TRBRESEDL 3 - DIBE
BREhZFRICEoTER 35, 650-1000°CD &R T
Na : 5ppm & & DR E O E&2-3mg/cm?/h #H Z O
Na2H58Ens I ickd, 22 TTo2lckeT 3y
7 ZDEEETIZ Na 5FE3ppm O b DEFHEH LI,

AR S N 555 X RBE PIR40mm O H B
WEE 126 25 HLESS £ THITH L ko 7z /b
R RIERER F O REE1000mm> OIS TH 2, FIER
WIZE2. 18T LS Hi AR AMIcERL T

3% F15 (FR7E) PiERs 11

%)13):M

TREEFOERKR TREIERFeHROEERHEIL
TEE DR 2 PSZ:650, Si3N4900°Cic 2w TH
219277, EFERCEFICENL 2vwoiz—BME
LThrzu—y a rREREOLE & U8ERETH
BIszrbE2ILONG, i, HARIMBEWES
BFREERBEMOENZ E¥bnd, 12715, 2085
&, BoEMBEEI TRIRVERASEMLTWSD
I X D RTORER THEARMORER T THD.
BREESR R O A TRBSEET I8 L T BI85 058 L
THELIE D TH S,

£2.201% Si;N, (EC-141) : 1000°Ciz 8 1F % 3 f&H
DR 2 AW HEONEROHEBZRLIZDTH
%,B7F TP.No.2,3:4,5;. .;10, 110 & 28R H 2 BB
HEEINLBBRAFES 2R, BEOERICHBRNE
ﬁﬁg Ty %’o

Z 2 TIEER B BB S AR R GE A & L7 Bl
WOBMBSERS N, (2,3). 6,7) FAEMS L
Na 2%HML7zbDTHY. (4,5). (8,9) 1% A EMD
BOZETH D, TNTUR—RETHY B8 5—F
BHF DN EEOMBLLESNTHRY, ZOH
M ST TH - e EEEEE2 SR L 25
ORIz E S CRHIERBRTORMERIC X2 3D TH
BT EHHALY, ThRbbB, (4,5 i3S, Na &%
BV (2,3) LV YURDOZ ERBSHERBIZ L
2 (4,5) EEICBREITHY 2o (8,9 R sid
7 HIB0% LB L Tz, T (8,9)535(6,7)
DEEZITCERS NI O THS, ZOHE 6,7
1S, Na gt chshrs (2,3) LEABETH
3R THBMNS,Na & x4k (4,5 PEENER
ENTOLILDHFERRDEV, 5T 8,9 EIh
SERETCOBELZ2ZOEEZUMOTHBEER

900f Gr=—ee_____ ]
————a o
880, Temp. at leading edge -‘,
650 O~ _ o 4
630 . o °
~~0 i
610 4
v | i m
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4,5) X VDl ko TV B BN ERINTZ(2,3)
DRAEWEEZRLTW 3 DI T REROERETS,
Na 2B DR TERL2ERLLZOTH B, ¥ 7.
(10,11 AT 2R L TWa O CHRBE T 5
LI BTHINIEL FENTLRVWLETD 3[E (21
) & CEBEMAEDONIDIRELECEET
Hb, OBRIZEICT> VAMAS O&@H# Iz
N9 B EREMERB TOTF -y Mo—RBLTF—%
DFRFE—ULREONZbODERTLH B Z L o34t
o J29D

ZD X3 CHMLUIES PR RS TlEb 5
Bk, bREEMCHET I Lc20Ti}
Condé 62 X > THIEFHINLT W3S,

BRI R D B 535547
FRROESFIABYOEED i EE L TRICH~N
LHELORBEREEELLLDTH S, BOSDEEY
ERTELVWEEDLLZOTXBEIIC L 2454 %
fToleh®, ZTNETOL Z ATER CHREL RIS
TRV, SMEEBRFICHB L 2 2 DORE L I
TEABEELLEDDIZOWTEFNRTNIT > 7228,
WINOHELHMETH 2 - DEHREEIIEL . 554

H2.18 ,N—F— Y FERHEAEREE
Ebr 4%, 900°C. 49857

ZEE XD WHBHUTO L S hiER»E:,
(1)S & Na 2&% A EilRBEY R © Mg,Si0,:JCPDS
Card No.(34-189) [DLEE @ ¥ 30 N & & 1X JCPDS
Card No.]. (NaCa),(AlSiO4),SSO,CIL: (17-749) .
NasAlsSis0,,S0,: (17-538) &S FA7 3 AL E TD H D
ELTRHRs NI, FEE OB®ED» S NaClLH,0:
(29-1197) . S: (8-247) \Na,S;: (27-792) 7z ¥ & Mk
WIEERR LI, WTFhIZLTd Na® S 280WE
DENTW 3B,

'(2) AEH % J% A A KU.chaS.SAll8.7Si4.15032 :
(23-475) , (NaK) AISiO, : (9-338),Ca(MgFeAl)
(SiAD 06 : (25-1217) 2 E RGBS Nz BNHEERE T
RICEROD2WMBE L IZEZ ok v, BIZPRTF

_ Si;N,, 1000°C
Gross weight change arise
30 from molten salt deposition  1p no, ~
—— Marine DieselGil+Na S 2
—-— Marine Diesel Oil
~~ [ Kerosine 3 7
o
E
3201 7
=
@
£
o
v -
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R
2
9 10F -
8. 9
. /_’:_ 8
/_;‘.'-:-7-“-2‘;::1-;:------ 10
==+ . . .““~~~. 11

0 1 & 3 4 5 & %
Cycles (icycle: 7hrs.)

B92.20 WRBEN R B DEREME B I KT RS
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o

" — PSZ 650°C
- [-—- SiN, 900°C

Gross weight change(mg
=3
]

—0—  WITHOUT SALT WATER

Y

o
/

3 5
Cycles(icycle: 7hrs.)

8 7

B2.19 MERUENEE O

(12)



B35 ALO;:(10-173) & TN T Wiz, ThIidEITHR
NIRBEEDO—TICFERENITVIF A TH
5,

SO WV TR Y A EES 2 W TEHEIL
720 BEREEI L D RERERENELL T
SO EBEETEINTIERD L DIk o7z,

650°C : 140ppm. 900°C : 200ppm. 1000°C : 330ppm

3. HERiER

3.1 SoRESAIA=ZT(PSZ)MIEE

VY v —FI00mm O F A —E¥LVEBEO TV I E
L8 2 b TEERIC PSZ 2 MBI L TEHRAA
THEGHR BRI 5 2 2 FE 2 TN REO
X 3 L S AEFBEREBRECCCO L & B X b EHEIT
HE OFHAIREE » 58T 2 LH9500°Cic 72 0 JHERH
FHD PSZ DBEEFEELEOBREZES>IIELE-T
WwhEEZONE, 305HRBOEE®10EHEV R L 7
BERLUT: L 25 EEZEN- RO ER THE

" PSZ:Tensile Strength at 650°C
th
oo 8 vin" Na:SoaviE:
< A Emosegs Time[hrs.)
.E -
=3 A 100
s A 4 fraciured at shoulder
o -
® 200 é é
.2 . .
=} Aa o) § i
B A ﬁ§
e}
0 ! I i ) 5l0

1 10 -
Vickers Indenter Load {kgf)

$3.1 PSZ OFIRME (7 ) — 7R

OB SERTiREG 325 B15 (TR TH) WRES 13

B, BENT -V B2EZRNPSEZNTHRIZDOWTING
MOEEE11EEVEL B0 SR TIREOBIHE
RO FHE EHEHROBAPUUERTICH Iz > THE
LTz, IRETNVIEEICET SEED L ikE
DOEDEREZCET BEREHBFERELEZ 5N T
w3,

DX PSZOBEEEDREIVERLEE Z 5
N3 IR I BB EH A ~ OB I X EES
b, TR LEBEEED L > 2ESDEVWESRBEHE
BORESVENCHSHEMEERD 2 I LBTE S,

DL BEBODLIUTOL D 2BBREFEML
720

3.1.1 BEERUBMIEE (BHM. ERIFMH)

BEPRIHABA thkOFEICE v & — ABEES %
FvT1-50kgf DEFEAIC X DTV, BRAEER L
LT Na,SO,+V, 0, D&ERK 28R L 7217, BRIKE
FECOWTREBENED TEWI £, BHRAE TRW
BRECIVEBLEBEMNEED205 LI TE R0
2, I I TRERIESBIAEE I RIZTEE Y EHN
WHAREDTHD, ERIGEWERKO>WTR
NWe—F =V T EBEWT, 721 LN~ — U FRER A
FH RS —CVBREEENETORBRICAVS DT
BHBHH, BBz ST —ENVEBEOELETO
EERAEEL T, 2ITREHA2ES B ODER
B b D L THW,

% o JRBRIEE D650°ClE 7 4 — ¥V EERIIRBEE S A
BEHELIZLDOTHY., BRLEVWERHREDLY OEE
% 5, ‘

X3.11% 7 U — 7RIS 2 - SRR O
RT, B &HBR % BERE25,50, 100FF & LT
vy 7 —AEFEARE%2HFASkef £ T5 2 TER

PSZ: Bending Sirength at 650°C
L Kk :without N
600, _8 solid mark :with " Ngﬁggjﬁﬁgﬁ
(o]
o Vickers lndgnte[) Load [kgf]
- T 0 o
5 30 g-
= Glass Cutter ¢ .
5400" @
:
4 [ ]
) * ®
o
£ 200 g ® )
: | - © e
@ -0
" ¢ _O'_O' _
L i !
0‘ 0 50 102 103 104

Exposed Time (hrs.)
$3.2 PSZ OfNZARERE & i EE OBR
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I L 7- 2B R S ¥ 7 b D ThH 2, ZOMTE
A& DREID v 7 B A I3 BRBR B h gL CRENT L 7
o7z b QEILEEE % 72 3 BHE L IERHROBR T
DM EERT,
M3.23RBROBRTH 5, Z O TIRERR

500-2000FFE D b D i35 D5 RSB TrHho B L 2

ol bDEMITHBRICTEAL B0 THL, =

noOREED S T ORBENE S,

W5RFHBEDT -2 D% BBHEOERE, BHOEE
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5,

Q)EfMmted s BERBERESEL L2V EBEL
5, ZhIZBHASRMNOBEBKOEENTE DT
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()& & BEEEE A BT 2 0B B EOE D
MET3E0SZETIdw A5 K3, 2087w
KRN &S wBHOEE L 3B  BEESE
EHRICHREBERERCETLTY L,

GI=RH & B2 0 5RY 0BG ILBEE N AP IGE
TERWVYE, ZITRATEBRADEARIZSHKE
WX OERLES INEDEWIBBEBSICKL LT
BN 20884 Tk VIL=30-50kef TH->T b
BIW T n B, EBEEERATERLTHL2 Y
DUBHRL R ol, TOT LIZBHEINT-EBSL
D HIWHT b b RBELOM EAEGLRHSTREE -]
ErOBACEIVBLELILDOEEL OIS, EF
EABEAPBEAFHEIICL VEbh 2 niEsiban
TW3DIN LTI OTEFEHOFLIIEEERES
WX 2BIBERARZU LWL THY ., B3
BERER I B[ TII L, BaEEHs W
BYMHEEOEMICET W TAZ L DG EFER
LizbDeEZ 603,

3.1.2 BIEME (N—F—Uy )

FIRRBR DR M3, 30T T, Mo T4k s o
BEARPKRAHSIOREESE2BRARNETHENZIZT
BREEFEFEARETHS>bT, FARNE - &3E
L OBEFRIZR2.2ITR LT3,

7 ) — TR & 2 ERIREBHM 05 |3ERER
TREEMTH-> THFEM L ABEOBREIC LS 2
ERBICHRI UL o3 3icE o s k312
F—#AR % RS 5 B ES D 5 D1k sic bz
PRI B & UREBEIR BT R E 0 R OB RS T
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_ PSZ: Tensile Sirength at 650 °C on Burner Rig
S .00
£ 400 @ Marine Diesel Oll +S
= & " +S&Na
° Exposed Time
< = A 3.5 hrs.
=) (] 28 s
g fe) 49 Hrs
na00- A Slow Start & Stop ]
@ Y
@ [ @
e + @ L) _
B
@
0 3 ,\'_L I 1 ? 1
0 5 30 50

1 10
Vickers indenter Load (kgf)

B3.3 PSZ,650°C3IHME (/\—F—1 )

VIL=30kgf OBZM DEE IXEBRH 2L 2 1254
TRbBEEEIEOEBO DV D55 WIEIZA
BOCTHRINTBY, ZRhELHBICITHEDETFLT
V5D EARDBEEEE DB E LI X 28EET
PEMIZHDOTHB,

[ U VIL=30kgf CTHEERRME. T. (Exposed
Time) =4%hrs. TH D 2035 EHED110MPa @ b D
BHBH, INIFEOERKE 7EIZH I > CEEEE
EEBRLTAHLDTH D EHNBHIZ L 28220 b
B0, BEBEHE/NS L E¥EI LB ISEELT
WibDrEZLNS,

PSZ iz 2w T RIBMYIREEREC Lo TRBEDE
355 b DORBEBEDERET 2 5200-300°CTD
EF5 &5 o BRIENOHERIC U AEREIC L - T
BIAPHEL, BERTEWSIZL3HDS328, &
REEHER COWERLEIEE 5B X U TR ER
PRABLTHBIE> DL 5REHBES A TWE b
THHEPO I I TREREBIC L 2B EETINER
BwrEzohsb,

3.2 BRILT 4 E(SIC)DEIREE (BHtt, EBRFEM
#)

217 A FW00°CHITD > BB HENETT 3
DR LU TR 4 RIMEBR TREIL T 4 B
3 LEVD OOFERE TRILBE Y £ R MmE
BERTT 2 Lo & BERIEHM L L CTEERMETH
SPBEOEIBREER>T WS, LU EZ
RO RILT 4 ZBTRBERAKT CIXBILERY
BTERAEAEZFE ORI, BALE 2325
KRBV, Kic 2HBHIC FREIE3EMEL TR
EBDHY., IITREBARBEHKPTEDE Stk s,
FTIz,

KR OVEAD RS CERIFINE > V) — 7B stER
BEAWTEERBRET> 72,

BEOKRE S LBERHZ2ZE 2 TW0CTOR[EMH
EREOBR M. 4zRT, ARIZOWTIE PSZ D



BE L HRTESENR T EBBO TAR L EoTnd
BZNIZBR BB X I BB BHICATF LR
DY H PSZ DBEDGCCHEVREICL 279
+ o BEEERE SR 2o T DR L TI00°CT
TFEE 25X T Y CBEEER 25 2 TRDEED
ERB/NBIZTE itk DEELLOND,
BHLUIEHRKIEPSZ OBEERICHOTH3. 8
APKREL 2B LEEIRMET L. BERMOBEIIR
DENEHDODOHERINE WX S ThHs, BIIGEE
CRIZTEEIIFREE L, ﬁgi%§®k%é®&k
XoThE 2,

3.3 BREEESEILTs15%E (EC-120) OME
3.3.1 SRS LUEIIEE (2%M. BRFEMR)

HEBF O ERRICEE L - R E RS b
V7 AR L 900°CEEA TR T5,50, 1508 ME L 72
B O/ITIRE 2 3. 512 R" T,

mEz, MEBEMMIZEERECEGRZ QIZIIZACE
EETRTHEBHAND 5 LRBERESEVEESEZIOKR
NS T ZOMBORTREEBEICR> TS, B
BIRESEL RBEONTHR Y OBERIENRH D |
R N 7 ADEMIZD R LY BIGEEICET 3
OB DRB o TLALEI TH S,

VIL=30kgf R 6N 2 X IcBENKE{ kDL
VIL=10kgf IZ lh_RNIZEFRE TH % b D OBRERFHE
PR BB ONBRENESIRIEN S, EBAM
OB ERRIERMA LR TEBMM I E I EBETDH
353 VIL=10kgf DBID X 3 I HER/NS WEBDE
BRIGIHRADMNBI L EBZMIGEVIEED 5 »
RENLLEDEEICE > T3,

WlEF + VY ADBEEHSLCTH D LI 206
BHEEEREBEERORMRIEIZ00CTIREICERL
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Si;N,(EC-141): Fracture Strength at 1000 °C
forVarious Surface Conditions.
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SizN,(EC-141): Effect of Fuel Properties onthe
Tensile Strength at 1000°C
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