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Accelerated Oxidation of Single Crystal Ni-10Cr-12A1-Ta-W
Superalloys Coated with a Na,SO,4-NaCl Salt

Kazuhiro MATSUGIL, Masahiro KAWAKAMI, Yoshinori MURATA,
Masahiko MORINAGA and Natsuo YUKAWA

Synopsis :

The behavior of the accelerated oxidation in a Na;SO,4-NaCl salt was investigated for nickel-based single
crystal superalloys for turbine blades and the other applications. In particular, attention was directed
towards the tungsten effect on the oxidation behavior. For this purpose, several alloys with varying
tungsten contents were prepared for a Ni-10Cr-12A1-W-Ta system. The accelerated oxidation curves
were obtained using a thermo-balance and the corrosion products were identified by EPMA and a conven-
tional X-ray diffraction method. As the tungsten content increases, the oxidation curves became compli-
cated and showed poor hot-corrosion resistance. It was found from the identification of the corrosion
products that the accelerated oxidation occurred in this alloy system by a mixed mechanism of the basic-
and the acidic-fluxing. Furthermore, it was suggested that the amount of a precipitated a-W phase could
be a measure for the hot-corrosion of these alloys coated with a Na;SO4-NaCl salt.

Key words : nickel based-single crystal superalloys; hot-corrosion; accelerated oxidation; basic-fluxing;
acidic-fluxing ; @ -W phase; alloy design; d-electrons concept ; Na;SO4-NaCl salt.
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E3) hh, ZoBsE, KS, KV ok
HBERTwBAHMED S, Na oLy & Wik
(NaCl) O I A & L CHRBEIR o & 2 L %
Na,SO, M 5 HinE AP K ELMEL % - T
w5,

IhETICAEREDIEH 2185 72912 Ni-10Cr-
12A1-Ta-W (mol%) A& X {ER L 72. Z OB, ik
BEMNLEOBELSESGERIIBVTIE W % 4mol%
TOERMTAZENFET Ly, BREEMTAEW
AEBELERTICW O-REBERTH S o-W MW
M3 5. ZokEE, #iZ NaySO,-NaCl RiEAIRIICH§
B EUSLHILT A LD oTVBEY®, 4k W
BIKG L CRESELIFSIETH L BEDLH B,
a-WHOMB LI AR RREERAREBETRE
N BB LRI BV TR OB LSS (7
I b LIER) HHERR S N, BHELE AR YR,
IHRSHDFERIZDWTRAHELR SV E V. 2070,
BAREA T DR AEOFMAE L igh ) 2, &
GaxEtic B BRI AEORIARSIT V. 22T,
AHFFE Tt Ni-10Cr-12A1-Ta-W (mol%) Z A EIZHB W
TWEPLSLEE-AGAEER L. &8, 20
BEASOMTEMIRIETH S MdyY (B4 7 O #LET
¥)Md i) 30.93 NFicah X5 iC Ta B THEL L.
54 81 NaySO,-45 mol%NaCl iR &5 % 8/ L 72
HKER% 1173K THr - 72, $5i2, BILE» S w5 Z,
Bt &Lt o RIS EE#TH S TUT23
(Toyohashi University of Technology’s alloy 23) % i\
T, KM ABRIEEN 2 AL S € R EERA KR 1T
WV, GEFHCB I AIENORS ARSI LT EHY
ELT, MEFBALEBOMITICE R E BV TR 21T-
oo TOMBEEEL, AERENIB S REERA T
T A MO EH S, L.

2. £ B F &
2-1 B¢

FEERTIZ, W% %4 s +¥7 Ni-10Cr-12A1-1.50
~4.10Ta-1.36~5.02W (mol%) RDE & 4 % EEBRE
E& LTHWE. Sho oM E Table 1 1R 7. & b,

Table 1. Nominal compositions of the experi-
mental alloys containing several of tungsten.

Composition (mol%)
Alloy
Ni Cr Al Ta W
TUT 21 Bal. 10 12 4.10 1.36
TUT 23 Bal. 10 12 1.50 5.02
TUT 28 Bal. 10 12 3.42 3.42
TUT 33 Bal. 10 12 4.02 2.57

IS REEOMEEEIRETH S Mdy #50.93 BT
WAL Ta B e FE LS.

INEDEEDANT 4 ¥ TR by 7 & —FABRE
YHCEERL, 7 v FvrECHEBSRE AR
7o HESSUESEEG 11mm X 130 mm Th 5. BEL
e L<, MBEREOREAR (G) % 1.5X 10*K/m
(150°C/cm), B[R & #EE (R) % 2.8 X 10 5m/s (10
cm/h) & L7, ‘
2-2 EKBREB

2:2:1 By

FEERG SR L - B AR B X OB R LB S
[1573K, 14.4ks (4h), &A% H]+[1323K, 57.6
ks (16 h), Ze5]+([1123K, 172.8ks (48h), Z24] &
L7.

2:2-2 REEEAMAB

T OB % 5 L - Bag BB 25, Fig 1 IR
I3 1I0mm X 5mm X 1mm OREEH 2P H B L.
Z D%, ¥z 2 ) —E VT #1000 £ THERFA %
BEEE L 7., SRERICH Vv 7R A 1 & NapS04-45 mol%
NaCl (Na,S0,-25 wt%NaCl) ®#l B ThH hH, ch %
BMET VI FBOITPTHERE 2B RLAELD
Thb. CORESES XY I —NENL 2 ¥F—LLTK
ERF 12 0.2kg/m®> BAF L 72, 20k, REF % Fig 2
R % R T AR ICHN Y, BMET VTV EEAP T
1173K 3 THiE®R, #HEEA % 8.33 X107 "m¥/s (50
ml/min) DFHETHE L7z, A ¥/ —WNA » F—HER
L, BR{bERRnsZe b Asie /Ml 2 7R U 72 5 0 % SR B
EEER L L 72ks ¥ COBILERERFLILEMEL 7. %
B, —#HoOXE oW ERFLEER (0ks) BLU
0.3, 0.6, 1.8, 3.6, 10.8, 21.6, 36, 144 ks (5, 10,

30, 60, 180, 360, 600, 2400 min) ¥ TRl =R

AL L BE L7z, BBk, SMET VT BT TE
mE THAL, REF WO LA RO w, FEE
FEAEETHCTRAELBA L2 WEBRRF 2w Ty
ABRIFM 10.8 ks DZSBRILEERR % 1T o 72,

Q2 )
\ Smm

—>

10mm

t=1Tmm

Fig. 1. Drawing of a test piece for an accelerated
oxidation test using a Na,;S04-45 mol%NaCl salt.
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Fig. 2. Schematic drawing of a thermo-balance
for an accelerated oxidation test using a
NayS04-45 mol%NaCl salt.
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2:2-3 BERERY OWE 5T

FTERERAERARBR 1T - 2R BR  RFHIC
BoTYWL, Y2 XA ) —KEH T #
1000 & CRFEE L /2. 20k, EERETJHEME (SEM
EWT) KX DREROXBOREELBSETL L LD
2, BEAERYE OB ITE OS5 AIRE & B/ ER
X #MaHEE (EPMA E8E4) K YR~/ & B,

EPMA (Cid = 2V F—588: (EDX L8E$) /-0 E
S (WDX L BEE) v 7.

2:2-4 BRERWO X HEH

TERMREAEEMAER LT - AR ERR OB REERK
WER DB E, #irdHHEk XHEHRICEDZARS
DEIE %R T-7:. BIIFEMEL LT, 30kV, 15mA O
HMATFTC, #—7 9 P2z Cu-Ko#ZE, 7405 —(C
i Ni # v,

3. R B B B

REE*BAETEABILS 64 41D 10.8ks
HBOBLEIZVTNRD 0.01kg/m> LT THY, Bt
BEAER SN DORTCHELBLIZET L2572, —
¥, REKELFIEERA LE4 4 HI2B1) 5 REREEH
72ks T COBLEREFE LM % Fig. 3 <R T. RE
BERATHIETOTROELSIZHEL IMERRILA
HEr . ¢, TUT21, TUT33 iZik o-W HHOHTH
AR S hd o 72h, TUT23, TUT28 2k o-W 4
DY FEZ SN, o-WHOWHE LLELEEFH T
BV DICHERTREEEA T HREEIE - T
2. B, ALAEOBICERRE(LMRICET I by
AMEDHNH, B o-W HOWH AL W TUT23 i3
BEDTI Vo2 BLEMEBEEB LR L. ZO
%, REWEA I T LHEROFMHsRBETHS L E
Abhb. 22T, BEERMIINT % EREZGAESF
iz HW& L, FICEBLZBAEEEHL/RL TUT23 %
A TR AR - EBRET- /2. 512, RO
Pl e BEARY OFRELR &R S o0&t
SEMICRET L.

TUT23 O REREEM 0~ 144 ks B DL Bl
WE Fig. 412, SABRBEICHET 2R B oXRE

AW/S (kg/m?)

Na,S0,-45mo1ZNaCl, 1173K, Air(8.33x10™/m’/s)
L ' 1 [

TUT23-

TUT28
Fig. 3. Results of the acceler-
i ated oxidation test using a Ni-
TuT33 10Cr-12A1-1.50 ~4.10Ta-1.36 ~
| 5.02W alloys exposed to dry-air
TuT21 stream of 8.33 X 107 "m%/s at
1173K for 72ks after coating

20 50
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70 80  with a Na;S04-45 mol%NaCl salt.
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E
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Na,S0,-45mo1ZNaCl, 1173K, Air(8.33x10" m3/s)

71 Fig. 4. Results of the acceler-
. ated oxidation test using a Ni-
10Cr-12A1-1.50Ta-5.02W (TUT23)
alloy exposed to dry-air stream
4  of 8.33 X 107 "m*/s at 1173K
for the various periods of times
after coating with a Nay,SO,-
4. 45mol%NaCl salt. The interrup-
tion was performed to identify

1 1 1
20 30 40 50 60

Photo. 1. Surface morphologies of a Ni-10Cr-
12A1-1.50Ta-5.02W (TUT23) alloy exposed to
dry-air stream of 8.33 X 10™ "m?®/s at 1173K for
the various periods of times after coating with a
Na,S04-45 mol%NaCl salt.

&% Photo. 1 IZ/RT. KHEELEBERE LR & b HLEk
BB X <, # 10ks T TIZHBEIROMBERIL A
WOONT, SHIT, BWEEED TV ERIBKICIEE
MO AR B SN, 3.6ks T TOEBREEIZB
BiRoE# L2 L7, XG4 Photo. 2 1278 L 7-#A4&%
W OB »OHLILEIIC, WoORTEELT
Wiz, ZOMBRERIESSFTRFICER SIS T >
FoA4 MlMEE—FL, WIREGT Y FI 4 MEDE

] 1 1 1 L [ 1Y
70 80 90 100 110 120 130 140 150
Time (ks)

corrosion products.

Photo. 2. SEM image showing a-W phases in a
Ni-10Cr-12A1-1.50Ta-5.02W (TUT 23) alloy aged
at 1323K for 57.6ks and at 1123 K for 172.8ks.
Result of the line analysis using the characteristic
X-ray spectrum of tungsten in the same image was
shown.

IR L T, RERREMBIM & 35 B RIERk b
Hz, ZIEOBILEEYGE L 2, FEEOHE 4
LR T 7z,

REREER, 0, 0.6, 3.6ks B ABAERYED
WAL & Zon R OFFE X &% Z 2 1 Photo. 3, 4,
512:F. RERMER Oks, D DR AR LIADHER
DR OB EERWE i, 548825 Cr, Ni D
iEH R L, 0N Al DiEWE, Na, Ni, Cr,
W 2EERBEFEVTWS, E512, A7 —ILoRbit
BIC Al ORFEFHEREINS. 2B, OREREFM Oks
DRBFIIBWTED SN Al Difbix, B & 302
DIEAHETL TV B,

BEAEBRY E Table 2 (/R8T & D ICH 8L,
BB, Wit ok s, HEREHE Oks 5 3.6ks
I CORBERMOE® RS L REREFR 0.6 ks DR

— 126 —



Na,S0,-NaCl iR 445 % 845 L 72 Ni-10Cr-12A)-Ta-W Z Bk S84 S o EEE{L 1507

corresponding

image and the
characteristic X-ray images obtained from a cross
section of a Ni-10Cr-12A1-1.50Ta-5.02W (TUT 23)
alloy heated up to 1173 K in argon atmosphere for
Oks exposure to dry-air stream of 8.33 X 107~ 7
m®/s after coating with a Na,S0,-45 mol%NaCl
salt. )

Photo. 3. SEM

Photo. 4. SEM image and the corresponding
characteristic X-ray images obtained from a cross
section of a Ni-10Cr-12A1-1.50Ta-5.02W (TUT 23)
alloy exposed to dry-air stream of 8.33X10 " m3/s

at 1173K for 0.6ks
Na;S0,4-45 mol%NaCl salt.

after coating with a

FZiZ 0.3ks T TIUHRTE Lo W O
(WO5, WO,) BB LN, &5 IREREER 3.6ks

Photo. 5. SEM

image and
characteristic X-ray images obtained from a cross
section of a Ni-10Cr-12A1-1.50Ta-5.02W (TUT 23)
alloy exposed to dry-air stream of 8.33X10” " m%/s

the corresponding

at 1173K for 3.6ks
Na;S0,-45 mol%NaCl salt.

after coating with a

DREITIE, 1.8ks E TIZED 51T w7 AlLO;,
NiAl,O, 25§ L, #H/ziZ CrWO,, AIWO, R 2 h
7-.

4, E =

4-1 NayS0,-NaCl RE&ENIEE

Na,SO,4 12 R ¥ % & iRE A1 NaCl OFEFEIC X b
HTHEVIESHZLM b0, EE&MKE XV
HERBE LD NaCl OBRB RIS T HEBIRL
BN X 5542 Inconel 751 ® 7 ) — FREMTARMEIC B &
(9 NaCl OB IREEOMM L ARIBEIC X R
HEESRTWAY, LhL, EHEEERIECTE,
Na,SO, & NaCl o {5 ££ It (NaCl/Na,S0,) & # 0.05
BEULTCTHD, NaCl 3MEHTELTHLT I LS
TEDLbBHEINLTHBY,

UEDL I ICEBIIHAWLENEXBESEOHEIZOWT
BHEL DFHHHHFRAIBOREN L h E ToOOE
BELOF— 50 OFE#MEEE X T, NayS0,-45 mol%
NaCl oM L L7z, %8, RERICBVTRERT V
I RIS NaCl B80T & v HEGE & 7z, Table 2
VR L7 B EERY ORIEERICH NaCl 2R E T
Wi, &5, BRAEOARRI—&MHT1173K £C
MELZ-T T 7T A VR T2, 20%, BAEEK
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Table 2.

Results of corrosion products identified by X-ray diffraction of a Ni-10Cr-12A1-1.50 Ta-5.02 W

(TUT 23) alloy exposed to dry-air stream of 8.33X 10~ “m%/s at 1173 K for the various periods of times after

coating with a Nay;S05-45 mol%NaCl salt.

Time (ks)
0 0.3 0.6 1.8 3.6 10.8 21.6 36 144
-
Salt NayS0,4 NapS0Oy4 NapS04 NazS04 NayS0,4 NapSO04 + NayS0y4 NayS0y NaySOy
Simple NiO NiO NiO NiO NiO NiO NiO NiO NiO
oxide AlyO3 Aly04 Al;0O3 AlO4
WO3 WO;3 WO;3
WO, WO,
Complex NiA1204 NiA1204 NiA|204 NiA1204
oxide NayCrOy4 NayCrQy NasCrOy4 NayCrQOy4 NayCrQy NaoCrOy NaxCrOy NayCrOy NayCrOy
CrWwo0, CrWO, CrWOy, CrWoy
. AIWO, AIWO, AlWO, AIWO,
NazWO4 Na2W04 NaZWO4
Sulfide Cr3Sy Cr3S, Cr3Sy Cr3S, Cr3Sy Cr3Sy Cr3Sy Cr3Sy Cr3Sy

WD LREEESR & L 22 AR LR o b I3RED H ik
Motz o T, NaCl idABRDO AR BV THERE
LTWwab. '

4-2 BEREEBDOETN

CITIR Al BTHRRAEBICKD, BERIGEE)
EFNEEEALT HERT, BAD NaySO, 12& - T
DHETTHEEZ S,

Photo. 3 178 L 7z gREREEM] O ks DKL 0K X #
& Table 2 X 0, BEMHEE L L Tid, NaySO, #* S
*EHELTwALY, HibeBIEARECETS AT T
WIS 22 HhD.

Thbt, G&LBEMIERT T NaySO, L £BT
FEM(Ni, Cr %) »UB LT, (1)XonXHi2S &
0% %% 5.

AM + Na,SO,— BMOp+ S+ 2Na' 4 0%~

.......................................... (1)
2T, A,B,C,D3tFERKTH» 5.
—J, Ni, Cr @A FTORIGEEL 5.
3Ni+ZS—’Ni3SZ .................................... (2)
Cr+ 1/2 NigS;— CrS + 3/2 Ni -ereevereerseeenne (3)

$€ - T, WERIZ Cr B LU Ni oAby, #0481 Al
Ni, Cr O LI O EZ %.

—%, (DROFISEREE LT, FICAL L BRER
T, 07 OFEENRTNIIHERTSEELONL.
72T 0% i Al,O3, NiO B XU Cry,05 & i L T,
T oBEIGAHE L 5.

AlLOs + 02— 2 AlQy  — VAR vevvereemeseserrens (4)
NiO + 02‘_. Ni022"’_. (ﬁ%ﬂl ........................ ( 5 )

Crs05+3/20,+20% = 2Cr0,2 — #ah - (6)
29 LT, A0y, Ni0”” BLU CrO,* & LT
T5.

—%, BREBONMITIX, Oy DFIENFEL BT
WwWah, T, (TROPEExE 2 5L, 0°7 OiFE
EERIER D ALMEI R A D 1R SR L T v CIREL R R
HFoTwnh.

02—_1_5024_1/202:5042’ ..................... (7)

FOMR, AL BMERERET, o ABRL
72 AlO, 7, Ni0,2~ BX U Cr027 1, (4)~(6)3k
DFHIEC LY, BBoOMUICEFDL, $ILES
Al,05, NiO B XU Cr,0; # T 5.

CORIBEFME 027 Ik o CTHALEE A o+ >
2R L, AL TWw< ZEd 5, Basic-fluxing! 9%
LIEiENT WA, % B, Photo. 1 IC/RTHARK 0 E
[ REAS BRI & 3k, ZILE ORISR < %2 %
HFEL FREFVEI—HT 5.

Table 2 D A r— LV EEHER LY, REEEM 0.6ks
DH DI WO3, WO, P HERR S, & 512, ABRKERH
3.6ks Db DT iE, AlO5, NiAlLLO, 25580 & h T,
CrW0,, AIWO, 288 o/, TORILETVELT
12T, .

EELABBERETIIBVT, Wik 0, EIBLT
WO,, WO, AT A. Zhps, RERKFHE 0.3 ks~0.6
ks OEOIE L E2bNA. ZLT, chbH W OBt
Wi OF LA 4 v 2T AMEMAT, AlLO; FHiZl
NTEFICKEVD, 07 OHEBIHNTAS. Ih
& DI & BT ISR ’

W+02—>W02 ....................................... (8)
\;\[()24_1/202_.\;\[03 ................................. (9)
W03 + 0%~ —'WO,,Z* .............................. (10)

$512, (1) ~13)DRIEH AL 5.
A1203 + 3 VVO3 -3 WO42— + 9 A13+—> ﬁ(é{ﬁm
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NiO + WO3— WO,2 + Ni2"— By «vvveeer (12)
Cry03 + 3W03; =3 W02 + 2Cr*t— HBiEm
.......................................... (13)

o T, AlO5, NiO B X U Cr,05 OER LA (& B O
SEMT S, ThREBFR 0.6ks LED B DITHS
NBRIGEEZEZOND, B WO; DELESE V-0
BRER ONRE TR (10)X0F sy, 027
DIFEFEAT S, 11)~(1)DROFEIZ LD, %L
B A0z, NiO B XU Cr,05 25H T 5.

IhH DR 027 HEOKTIC L 58I iR
A5 Acidic-fluxing & 7 V1920 LIRiFH TV 5,

Basic-fluxing 3 £ OF Acidic-fluxing B! & RS2 B 1
50 OBRHIHELTYWS., £HE50FFVHER
FTHE»EWOBEEIKFELTVS, §42bb WO
BALE A v B3 Basic-fluxing Bl & 2 b, £ %
nid Acidie-fluxing O n & 2 5. WIhoRsgd
HHT B AlOs, NiO B XU Cr,0; WEILETH 572
OBERIEEZELTO 0, DBEIZR - 5T Y, HEEE
bz ansg, 220, &R 79 b %EL L0,
ZILERBEELTD 0, BB E WO, DEKRED DR
HWT, FIEBORILENIET A L ICERT S &
Erbhb.

4-3 ALY DOHES

Wit r&LA5&MEE L Cr, Ni, Al, S oM X
#1& % Photo. 6 1IR3, WifkWid Cr BX O Ni 25K
D, GEHEEEIHOPICERAEERTH 7.

Z ¢, (14)~(16)3ic Cr, Ni, Al DRRALEUE, (17)
N2 Al OBALIE 2R, $i¢ T, 113K BT
ThHMDAG® bR L7

2Cr+S,=2CrS AG° = — 278.130 kJ ------ (14)

3Ni+ S, =NizS; AG® = — 164.319 kJ-+++-+-- (15)

4/3 Al + S, = 2/3 Al,S; AG® = — 389.707 kJ
.......................................... (16)

4/3 Al+ 0, = 2/3 Al,05 AG® = — 868.904 kJ
.......................................... (17)

(14)~(16)XDOFIED AG” X0, 1173K 2B T
BOEELHILWIE ALLS; TH Y, CrS, NigS, &#:<.
—7%, (16)(17)X» 5 1173K Tix Al it ALS; &0 %
ALOs 2H LTV Eabhh. 22T, AlLS; i
R SN ¥, CrS & NisS, DAMBEEN b DL E
AbNb. B, NigS, £V CrS HEKETH 55,
Photo. 6 X 0 ¥ % & WEALWIE & —BEEM L 728k F
TH A, REERZY 12 X i NigS, & Ni kvt iR
Erdbo. L2l oT, ZOWHILWEIZ—E NisS, 2¢
TE&(3)RWCLD CrS kL b EZLND.

Photo. 6. SEM corresponding

image and the
characteristic X-ray images showing the metal and
oxide layer containing a salfide obtained from a
cross section of a Ni-10Cr-12Al-1.50Ta-5.02W
(TUT23) alloy exposed to dry-air stream of 8.33
X 107 "m®/s at 1173K after coating with a
NayS0,4-45 mol%NaCl salt.

L& L, Table 2 DIEEARY DRIEFED S 13 CrsS,
MHEREN, 113K ICBWTHET S CrS BEiR
THRERER CraSy o bDEEZLNS.

4-4 TWERMDLS & /-AHGEHEH

4:2 FiCTHRAN2Z L) KRG EOMEBLO—KE LT
BEERFO W IEA T 2 HEE LTI LTS
5. Fig. 3 KRLZEE 4 HOBLEZERZLHEH»
5 72ks BOBAEREL 0 OBILE (kg/m?) 23K,
W &L DOBE% Fig. 5 WWRT. BP0 () HIC,
1313K, 137MPa O KRAEMTTH 7 ) — THWiH
L TRY. GEHPICEATAH WEHFSZVIZETHA
HixHIET 5. 5, o-WHONHB LAEEEII2WT
BEOERPKEY. —FH, WEHIFZWwiiLsry—7
BT ARy, MREENEOBE» 5’ W RS
FTIEDTELRWREETHS., Lo L, 1ETHNAL
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Fig. 5. Effect of tungsten content on weight
gain of Ni-10Cr-12A]-1.50 ~4.10Ta-1.36 ~5.02W
alloys exposed to dry-air stream of 8.33 X 1077
m3/s at 1173K for 72ks after coating with a
NayS0,4-45 mol%NaCl salt. The values of parent-
heses are creep-rupture lives at 1313 K under a
constant load of 137 MPa in air.
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