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High Temperature Oxidation Characteristics of Developed Ni-Cr-W Superalloys in Air
Tomio SUZUKI and Masami SHINDC
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For expanding utilization of the Ni-Cr-W superatioy, which has been developed as one of new high
temperature structural materials used in the advanced High Temperature Gas-cooled Reactors (HTGRs), in
various engineering fields including the structural material for heat utilization system, the oxidation
behavior of this alloy in air as one of high oxidizing environments becomes one of key factors. The
oxidation tests for the industrial scale heat of Ni-Cr-W superalloy with the optimized chemical composition
and five kinds of experimental Ni-Cr-W alloys with different Ct/W ratio were carried out at high
temperatures in the air compared with Hastelloy XR. The conclusions were obtained as follows.

(1) The oxidation resistance of the industrial scale heat of Ni-Cr-W superalloy with the optimized chemical

composition was superior fo that of Hastelloy XR.

(2) The most excellent oxidation resistance was obtained in an alloy with 19% Cr of the industrial scale

heat of Ni-Cr-W superalloy.

Keywords : Ni-Cr-W Superalloy, HTGR, HTTR, Oxidation, Hastelloy XR, High Temperature,

Structural Materials
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1. #

i

BRSO AR DS E Lo B E LT, ST SRS B ONi-Cr-W AR IS
SOBRY. SRV AFMEEASENASSEMNES (HBak  HB RFERELEK
B BEBES) (20 OOMDT A, KRTO 7 ) — THEHE. SR A A PRIV
AU AP OB, SBINT S &S e dT 622 LT, Ni-18
~ 19CT-20 ~ 22W-0.3C-0.08Ti-0.02 ~ 0.05Zr-0.002 ~ 0.007Y-0.0035~ 0.006B (mass %) @
BELERSEREREL. (1] « CORFAKSGE TESE Q) THERL, #
BRSPS LB YR LEORMEICORIY Lz, TERKOBERM IOV
Th . IO SR TH LY, TICHETREEBAMEL L TORHRME
SRTWD [2) o X6, TOASIIEL T, BEMENIM ORRE TV, ZEHEA
HRPERBINTETWES [3] .

A 4413 He/He T B BB ABEM & L TR 2O TECEREL G, BT AL
HHEIMSEAN U 7 4 TOMEE LAY, B L7 AL (HTTR : High Temperature
Engineering Test Reactor) D& HEEM THENATUAXR E AL E v EEHR
BE A5 . R CHE O TEREERMIZFOEELER L, BiRA A PG I
G L TIEANAT TAXRELE DB EH L Tz [24) o —J, 1000CO KA
o FASSERTIE. Bt o T 258 BH o BbHid, NAT O /XREK
WL T, BWEOEELIZENTVEY, BILEBERSVEVIKRFEORTYS [4]

BRI AT LOMEEMSO LV ILWFHIZBWT, AEGEDAGFH 2412,
KEHD LS ISR SO LHBEOELRARE BT BILERICET 2R
DA EN T2 B

T, ARERIE, RELHLE O TESBERM AU 7 0L GHEO RLAETAND
Fr A G DB R HE T 7o CyWIL D B LS ONI-Cr-WARER & (1K
wEM) [5.6] LoWT, KAT0ERR{LHBREY NA T O/ XREWLEM & L TENE
L. YO e0OBRIEEHR T TORBEER 77—y 2B T4 LEHMNE LS
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2. FEBGE

2.1 HERMHE
(1) BBE{LHERO TERERRM
TEHEAR L 22N-Cr-WRET 2 A& L OB & LT ZZHTTRERE e —
F DA F T A XROCFH K OIS LB SL B S % Table 1127 T o

Table I Chemical compositions (mass%}) and heat treatment conditions
of industrial scale Ni-Cr-W and Hastelloy XR alloys.

C Si Mn P S Cr 'Co | Mo
Ni-Cr-W  |0.03 | 0.06 | 0.02 | 0.003{0.001|18.76,0.02} -
Hastelloy XR [0.028 | 0.34 | 0.88 | 0.0010.001|21.82 0.03| 9.04
Ay Fe B Al Ti Y [Zr | Ni
Ni-Cr-W  [21.43| 0.07| 0.006! 0.04| 0.06/0.009/0.02 Rem.
Hastelloy XR| 0.49(18.05| 0.002|<0.01 |<0.01} - - |Rem.

Ni-Cr-W 1 1225°C X 1 h Water Quenching (WQ)
Hastelloy XR :1190TC X 1hWQ

(2) CyWDRL 55HMEONI-Cr-WRERES S

CyWIL DR A SHEEONILCr-WHEREE . T4b528CHI5SWESR (No.l) . 24
Ci/18CrE4 (No.2) . 20C2IWEE (No.3) . 16C/24WEE (Nod) RUI2CH2TW
ad (No.5) DALZERIEL D 280 R U i LB EE S % Table 212753 o

Table 2 Chemical compositions (mass%}) and heat treatment conditions
of five kinds of experimental Ni-Cr-W alloys .

C Si Mn P S Cr w Co
No.10.026| 0.30 | 1.00 |0.003|0.003] 28.03/15.01] 0.01
No.2 [0.024] 0.26 | 0.96 |0.002|0.003| 23.91|18.22} 0.01
No.3 |0.013| 0.30 | 0.98 |0.002,0.002| 20.10}21.16| 0.01
No.4 10.017| 0.33 | 1.16 |0.001|0.003| 16.42:23.72| 0.01
No.5|0.012! 0.32 | 1.18 [0.002/0.002| 11.99|27.44| 0.01
Fe B Al Ti Zr Nb Ta | Ni
'No.l | 0.13 [0.0008| 0.004| 0.24 | 0.03 {<0.01 {0.001 |Rem.
No.2 | 0.14 {0.0008] 0.002; 0.23 0.02 <0.01 {0.001 |Rem.
No.3 | 0.14 [0.0007, 0.003| 0.23 | 0.03 |<0.01 | 0.001 |Rem.
No.4 | 0.11 {0.0002|0.003] 0.18 | 0.02 |<0.01 |0.001 Rem.
No.5 | 0.17 10.0001]| 0.004| 0.22 | 0.03 |<0.01 | 0.001 |Rem.

No.1 - 1275 X 1 h Water Quenching (WQ)
No.2 +1300T X 1 hWQ
No.3~No.5 :1325C X 1 hWQ

— 2 —




JAERI-Tech 96-051

KB O A X1, ATT mm X 15mm X 2mmOBARHERS & L, RERFRE LG
I AY—FIE (20pm) fEETE L7

2.2 EBREH
(1) Bedfbmo LEREBEM
950, 1000% (F1050C D KAHR T, TEHRBEBEM (NCr-WERBWEEGE) KON
A F 04 XROD2EEIE DT &K IRET250, 500, 750 U 1000EEE FTH 1) —X
SEtME O 2 BV SR LR T o 72,

(2) CYWH.O R4 3 5BBEDONI-CrWAERESE
1000C DAL T, CYWHD R % 5 SHBEONI-Cr-WRAEER S £ D330, 660K UF1000
BEEcol ) —XEEhEoRE L AW FRBILRERZIT 272
252, (1) ONI-Cr-WHRBHASERUNATOA XREBEOLHZO—ED
AERITINZ 720

B, ETORETIERRAEF B THBRA ORBEN L L T,
B bR OB, BILBEOHS 0 ELER T 5 20ORMES, BENT
RUBLEREESC L ABILREHE 2 ER L 72,

3. FEEHXK

3.1 BB TEHEEEMORB{LEE)
(1) Ex%1t
950, 1000/% UF1050°C T & BB L% ONi-Cr-W R B & & R VN AT T 4 XROHK
BRI O ETIREE A Fig. 11RT . VAT T4 XRid 4T O3Bk K UFaBRtRr [ T8k
ASEREE X724, Ni-Cr-WRH it 2 &4 T131050°C 0 10008 [ LA ZE L v 218 138
EEX NG 20 o 950, 1000/ TF1050C D S EEAL By £ O FUBE L 7R & % A
LAstEs 2 o ER 2 te (RPTOESLENE) 23 L0 D) Table3 TH 4,

Table 3 Mass change of oxidized specimens of industrial scale Ni-Cr-W
and Hastelloy XR alloys (mg/cmz).

Alloy Temperature (C) Time (h)
250 | 500 | 750 | 1000
950 0.5441 0.789 | 0.822] 0.824
Ni-Cr-W 1000 0.626| 1.010 | 1.1941 1.230
1050 1.650 1.372 | 1.863|-1.463
950 0.812 0.567 {-0.309-0.597
Hastelloy XR 1000 0.623,-0.362 {-1.385 |-1.268
1050 -1.209-1.873 -2.1421-2.458
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REEE- DY 4 Xid, £T7 mmX 15mm X 2mmDOBARRER & L, ABRFREILEN
T A=W (20um) L ITE LT '

2.2 FEBRFEH
(1) BB b TEREGEM .
950, 1000% (F1050C D K E P T, TEHBERM (NiCr-WRBHASE) RUN
Z 50 A XRD2E LN DV THIREET250, 500, 750% L 1000BEE £ T 121 —X
SEtaB O RE* RV SRR T 1T o 72

(2) CcyWHOR% 5 SIEEEONI-Cr-WRERSE
1000°C D K& T, CyWitD 5% 5 SHEEDONI-Cr-WAEER &4 D330, 6605 UF1000
BEEcol L) —XAEEBEORE T AW SRBILERZIT 275
2517, (1) ONCr-WHARHREERUNAT A XROLBO/I-HIO—ED
HERIZIMZ 720

B, ETORBETIRBRAEMFIHBT THBRA ORBEIL L T,
R BRE DRERP L, BLIEO# 0 ELHZT 5 -o0RIMEE, EEHE
T OB LT ERER - X ABRILIRIE M E 2 I L 72,

3. FEBHR

3.1 FoBAb#R o T EBAEGE Y OBRILEE)
(1) Eg%1t
950, 1000/% 1F1050°C T %4 B AR (L% D Ni-Cr-W R BRI & & R TN A T T 4 XROH
Egb o REIKEE 2 Fig. WIRT . NAT A XRid & T O RERIEE R USUBRER ] TRIRE
AEIEL XA /oAS. Ni-Cr-WRAE it #054 T131050°C 0 10008 [ LM ZE L v 3B 1338
BRI o0 o 950, 1000 UF1050°C D S EEL KB £ OISk L 7-BRIC IR D& % AR
LB 220 ERAE RATOEBELLE) 2 L0 b D) Table3TH S,

Table 3 Mass change of oxidized specimens of industrial scale Ni-Cr-W
and Hastelloy XR alloys (mgjcmz).

Alloy Temperature { C) Time (h)
250} 500 750 | 1000
950 0.544 | 0.789 | 0.822| 0.824
Ni-Cr-W 1000 0.626| 1.010 | 1.194: 1.230
1050 1.650| 1.372 | 1.863|-1.463
950 0.812] 0.567 |-0.309|-0.597
Hastelloy XR 10030 0.623-0.362 1-1.385 |-1.268
1050 -1.209-1.873|-2.142|-2.458




JAERI-Tech 96-051

950, 1000 T'1050C D& E T O BT O EBELE O BE/Lii# = Fig. 2~412R
Fo NAFO A4 XREFEOH B L AERFBLO-OHSEDOMEBRLEO LB
T ALV, BILEOFETEN-Cr-WRABHASED I PERTVL L) ThHhd,

(2) BMLEERER EE)» ko -EEMME
W& DML 2 AL 720, &mmﬁ%#6%%#ﬂ<ﬁﬁtmbﬂé%%®
BEALEE D BEE 2 il L 7o fE R 2 Table 412773,

Table 4 Scale thickness of oxidized industrial scale Ni-Cr-W and Hastelloy XR alloys ( . m).

Alloy Temperature (C) Time (h)

) 250| 500| 750 | 1000

950 33| 6.8|5.8 5.8

Ni-Cr-W 1000 45| 80 7.5 {12.5
1050 10.5/11.8(14.211.6

950 6.5(98 168 [11.4

Hastelloy XR 1000 7.017.8 190 (120
1050 8.8(10.311.3}15.3

Table A0 EEALIED B X & B LB D B8 % hink L - & RO EEMME T RO, &
KOFRBMMEFFHT 274010, e LIS LB LEIZ100%Cr0, & TR
%ﬁwii mL§5T%m+i&$fﬁtﬁmLto&ﬁ%wiu‘ﬁﬁﬁ@%%

BitowETHELIKOLNS,

e D B (mg/em’)=IEIE BRILH D FFE(5.283g/cm’)  -roeeemresereeeeee e @
ERMNE BHPOBREOR)
AL OB IGxEEDE TB)/Cx 7 U LA DR T E+3BREDE &)} -oooeeeee @

= L3 1m L TR B OREE D B AR O SO B BEIE ST 5.
950, 1000/% 0°1050°C 7 1000858 ¥ TOBLEE X 25 RO SO EEENET F &
H7=b DD Table S TH 5,

Table 5 Mass gain calculated from scale thickness of oxidized industrial scale Ni-Cr-W
and Hastelloy XR alloys (mg/cm 3. :

Alloy Temperature (C) Time (h)
250 | 500 750 1000
950 0.556 | 1.146 [0.980 [0.980
Ni1-Cr-W 1000 0.757 | 1.350 {1.264 |2.114
1050 1.776 | 1.989 |2.401 | 1.962
950 1.100 | 1.660 |0.978 |1.930
Hastelloy XR 1000 1.19011.320 |1.518 |2.019
1050 1.484 | 1.742 |1.907 |2.583
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950, 1000/% F1050C D RiRE T OEE D ERIENE OB WAL % Fig. 5~7I2R
F o 950°C THINI-Cr-W A BHHAESE OBILERENRA 7O AXRIZEBHL THL I
FEVAS, 1000 F1050C T EEDHEE LA IIBVEST R b,

(3) BRftlED M =

LR o i =0 M!:H;%E b RO -EEROBEREIME (Table5) 226 BT
DEELZLE (Table3) %3 L3IV 72METH ). 950, 1000% TF1050C D JER{LRF %
@ﬁkﬁ@ﬂ%ﬁ%itbt%@bnmef&éo

Table 6 Mass of oxide spalled from scales formed on industrial scale Ni-Cr-W
and Hastelloy XR alloys (mg/cm’).

: Alloy Temperature (C) Time (h)
T 250 1 500 | 750 | 1000
! 950 0.012]0.357 | 0.158 |0.156
Ni-Cr-W 1000 0.131]0.340 [ 0.070 | 0.884
1050 0.126| 0.617 | 0.538 |3.425
950 0.288| 1.093 | 1.287 12.527
Hastelloy XR 1000 0.567| 1.682 | 2.903 |3.287
1050 2.693|3.615(4.049 5.041

950, 1000/ TF1050°C @ % & TOBRILIED ##E O HZ Llh# © Fig. 8~ 1012/~
T+, TRLDE, S LH LR L HIT, Ni-C-WHRBIHAESE OBRLEOHEN TN
AFOAXRICIE L THREICENLTWA, 72220, BiRCTRREEILYTS & (1050T
D10008ER) . NATFUAXRE D IZFBRIIL LV OD, FBITHEEFIIL S,

(4) Ni-CrWHERBEE L NAT O A XROBEILEE)DILE

R b RE 2RI LCid. 950°C TIENI-Cr-WHRRBIHEE & D H A E V. T&b%mﬁm
PEIZEILT VA5, 1000 UF1050°C TIHTIZFERE CHh -7, BRILEEOBE, G
Ni-Cr-WA BRSO B{bEE N AT oA XREFFL LERL T tﬁ?%%o
. BB EMEICE L Tid, Ni-Cr-WRBWASGE O PBEIENL TV, &
B OEBRTIE, BLEE L BIEOEEHOMBEHEEI RSN ko720 BRILEEDOR
WA T D —E BB OBHARTELLLDET L L, SEOERD L) 2FR
AL ER T, A OoIRB M 1R Tk, BILEOREOLERITIZ O, LarL,
— B, BLEOREC L > TROBIESME S D 0, BILEOHEN IR
fLEBICRELEEBEY G 5.

PDEnzEps, KABTHN-Cr-WERBH#RE SO N ATIAXRED
FhTwi tiFwmdIhs,

3.2 CyWHORELLSEFHONI-Cr-WHRERSTORRILEE)
(1) %1
1000°C T4 I HIBRL L 22 0 & TORBRA OREIRE L Fig. 111RT . TEREE
_5A
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KUEF ONi-Cr-W R B i Bv & & B SpEAsEIgE X /o, 1000CD & (R & 0 FIRE
L e B 2 EmE LR iy ERE/LE (BT oBEREILE) 23D
2.3 D HTable TTH 5o

Tabte 7 Mass change of oxidized five kinds of experimental Ni-Cr-W alloys,
industrial scale Ni-Cr-W and Hastelloy XR alloys (mg/cmz).

TW Time (h)
7330 | 660 1000
No.l 28.03| -2.752 | -2.828 | -3.729
No.2 23.91| 1.146 | -1.004 | -3.347
No.3 20.10| 0.985 | 0.693 | 1.040
No.4 16421 0718 | 1.148 | -1.351
No.5 11.99] -15.148| -69.495|-108.042
NLCW | 18.76] 1.141 | 1.365 | 1.230
Hastelloy XR | 21.82) 0.131 | -0.855 | -1.268 |

A BRI BT A REMTOERELERCEHETER L7k BA Fig. 12007
Ni-Cr-WHBHBAER UNATBAXRY S TCEHEEFPRTHE T, 3
(MEOHE L 5 & Bbh s EREL 2R L7

(2) BeAvREERE & BIE D 5 KD FoE IR
1000°C 7 & B AL B R O BALRRR & DRl RE T L0/ b DN Table 8TH Do

Table 8 Scale thickness of five kinds of experimental Ni-Cr-W alloys,
industrial scale Ni-Cr-W and Hastelloy XR alloys (e m).

Alloy  1Cr(%) Time (h) 1
330 | 660 | 1000
No.1 2803 83 | 138 | 130
No.2 2391, 9.8 | 135 | 146
No.3 2010! 105 | 115 | 145
No.4 1642 105 | 11.6 | 149
No.5 11.99] 86.6 | 270.5 | 400.9
NiLCw | 1876 7.5 | 17 12.5

W 2182, 83 | 80 12.0 |
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3. 1 (2) LEHREICL TRRIEIEE S 6RO 7
e E T L bONTabled TH5B,

BALIEOFIBES R L - &% 0EE

Table 9 Mass gain calculated from scale thickness of oxidized five kinds of expenmental
Ni-Cr-W alloys, industriaf scale Ni-Cr-W and Hastelloy XR alloys (mg/cm 3.

Alloy Cr(%) Time (h)
330 660 1000
No.1 28.03| 1.403 | 2.331 2.201
No.2 2391 1.656 | 2.275 2.456
No.3 20.10] 1.775 | 1.944 2.448
No.4 1642, 1.775 | 1.960 2.520
No.5 11.99| 14.670| 45.800 | 67.875
Ni-Cr-W 18.76] 1.2621 1.290 .| 2.110
Hastelloy XR| 21.82| 1.403| 1.350 2.019

REELHEC BT A 2RO BRIEMEZCrEFE CEE LR EFg 13287,
12%CrON0SSED BV TEAOERHME IZAE 2EE % (. Ni-Cr-WAE RS
ERUNZFIAXRLED TCrEA BN 16% I ETHNIEDH 2 BEO MUY 135
BTE, GEARITERF LB,

(3) BR{LIRO A B =

FetiE o e, BABES RO -SEROEREHINE (Table 9) 75 BT
DEELLE (Table7) #ELBIW/AETH Y. HEELERZOBRIKRO FMEE % X
L7 H O Table 10T H 5o

Table 10 Mass of oxide spalled from scales formed on five kinds of experlmental
Ni-Cr-W alloys, industrial scale Ni-Cr-W and Hastelloy XR alloys (mgfcm’).

Alloy Cr(%) Time (h)

330 660 1000

No.l 28.03; 4.155 5.159 5.930
No.2 2391 0.510 3279 5.803
No.3 20.10( 0.790 1.251 1.408
No.4 16.42) 1.057 0.812 3.871
No.5 11.99] 29.818| 115.295| 175917
Ni-Cr-W 18.76! 0.121 | -0.075 0.880

Hastelloy XR{ 21.821 1.272 1 2.205 3.287

_7_




JAERI-Tech 96-051

BB B BT A LEOHME 2 CreF B CEB L7244 E 2 g, 14125377, 12
% & Cra B2l VNo UITERD 2 L, 19~20% % F/MI U TER{LIE ORI BE=IdCr

EHEOEMIfE-TE (L b,

(4) B LB RIZTCrE G800 % _
BELIEOTENE S FREICANTBCEEIL, rEAE019~20%DEE, Tibb
No.3% UL B WA ONI-Cr-WR BTSSR O EE L 2T R L7,

4. FE&D

BIR & O T X 7o B SRS B HONC-WAB RS &I T, BRILHEF
HAPTOBLIEET— 4 #BU8T A6 L #HBE LT, iRV XAFEH EE{LHRO L
SERBA B K A S OFEARRE I W CyWHE O R4 5 STEE ONi-Cr-W R EER
ABEILOVWTORADT COEREBILREEL, "ATOfXREEEM & L TEKEL., L
ToOMmrHi.

(1) BEH{LARO TERBEREM THAN-Cr-WHB M EGE ORI F TOMRILYE
BNATFTEAXREDENTVS,

(2) B LAl O TP REEWM TH INI-Cr-WREH ASEOCrER R 19% L KA
HIZBWTLRLEE LB A R T oMl TH 5,

W

& 3CHK
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AL R BT AR LIE O E S CrE AR CTEB LR 2 Fig. 14107R 7, 1
% L Craf B WNo B THROZ L, 19~20% ¥ B/l L TEMEIRO B =1 iCr
GEHBOWI A TE kb,

(4) BRbBEIRITTCradgnE
BB O BAE M b EFRICANIRBEILEENL, oaﬁg#w~m%®ﬂ T b
No.3 & U 3B B ONI-Cr-W A 24 & éﬁﬁ%ttLtﬁﬁ%ﬁLto

4. FLO

BA% %50 T & oA S iR B ONi-Cr-WRE I G &2 2w T, BRILES

HA R TORILSFE T — 9%@@?%:&%5%&LT\mﬁﬁxmﬁﬁﬁﬂﬁﬁwi
HIHFANM R RS EOTHRARREICH W CyWIE D R 4 5 5STEB ONI-Cr-WREER
LHEEIIOVTOREFT TOSRBILARZ, "AFUAXRETHLEME L TEBL, L
ToHmeRiz

(1) EHLEARO TEREREM T INICr-WHEBHREE ORI TOM R
B’NATOAXRE DERL TS,

(2) BB LA O CERETEHM Td DN-C-WREBH £ 5E0CrEhd &19% 12 K5
BBV T LR LELE LB EE R T EEMTH L,

o

Z3CHK
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AEAEEE R BT A B LIE DM ERCrE A B TR LR 2 g, 4IIRT,. 12
% ECrEBENV VN IRTROZ L. 19~20% % F/Ml UL T{EEOHMEITCr
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Fig. 1 (1) Surfaces of specimens oxidized at 950 and 1000°C.
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Fig. 1 (2) Surfaces of specimens oxidized at 1050°C.



Mass Change (mg/cm?)

Mass Change (mg/cm?)

1.0 I l | |
O—=
0.5 ® Ni-Cr-W  —
0
@
0.5 Hastelloy XR - —
-1.0 1 | 1 [
0 250 500 750 1000
Time (h)
Fig. 2 Mass change of specimens oxidized at 950C.
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Fig. 3 Mass change of specimens oxidized at 1000°C.
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Fig. 4 Mass change of specimens oxidized at 1050°C.
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Fig. 5 Mass gain calculated from scale thickness of specimens oxidized at 950T.
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Fig. 6 Mass gain calculated {rom scale thickness of specimens oxidized at 1000C.
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Fig. 7 Mass gain calculated from scale thickness of specimens oxidized at 1050C.
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Fig. 8 Mass of oxide spalled from scales formed on alloys at 950C.
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Fig. 9 Mass of oxide spalled from scales formed on alloys at 1000C.



Mass of Spalled Oxide (mg/cm®)

JAERI-Tech 96-051

I I !
50 —

Hastelloy XR

3.0

201

1.0 —

250 500 750 1000
Time (h)

Fig. 10 Mass of oxide spalled from scales formed on alloys at 1050TC.
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Fig. 12 Mass change of oxidized specimens as a function of Cr contents.
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Fig. 13 Mass gain calculated from scale thickness of oxidezed specimen
as a function of Cr contents.
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Fig. 14 Mass of oxide spalled from scales formed on ailoys as a function of Cr contents.



