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Effect of Titanium Content on Mechanical Properties of “A” Segregation
Region in Large A286 Iron-base Superalloy Forgings

Masayoshi KoHNo, Takemitsu HoNJO, Tomohiro TSUCHIYAMA, Shushi KINOSHITA,
Yorimasa TAKEDA, Akitsugu FUNTA, Takuya FUJIKAWA and Akio HIZUME

Synopsis :

A286 iron-base superalloy has been planned to be applied to rotor material of ultra-super critical steam
turbine in which main steam temperature is 649°C, because of its high strength at high temperatures. In
this case, a large ESR ingot weighing about 40t is necessary. However, in the large ESR ingot of this
material, “A” segregation is easily formed which may deteriorate the properties of the forgings.

Therefore, characteristics of “A” segregation and mechanical properties of the segregated region,
comparing with the normal region, in large A286 alloy forgings made from the 1000~ 1 350 mm diameter
ESR ingots with different Ti contents have been investigated. The following results are obtained ;

1)Lowering Ti content is favorable for reducing “A” segregation.

2) Tensile properties, creep rupture properties, high and low cycle fatigue strength except tensile
ductilities below 200°C and low cycle fatigue strength in higher strain than 1.0% are not deteriorated
by “A” segregation in A286 alloy with 1.9% Ti.

3) Lowering Ti content improves the tensile ductility and low cycle fatigue strength in higher strain
range.

4) Influence of “A”segregation on mechanical properties can be well explained by the difference in
hardness between normal and segregated regions after work hardening by each test.

Key words : A286 iron-base superalloy ; ultra super critical steam turbine ; segregation; ESR; Ti content;
mechanical properties.
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Table 1. Chemical composition of tested materials (wt% ).
C Si Mn P S Ni Cr Mo \' Al Ti B
1.9Ti 0.034 0.42 1.18 0.008 0.001 25.82 15.70 1.31 0.22 0.25 1.90 0.0063
1.6 Ti 0.012 0.10 0.55 0.012 0.001 25.82 14.95 1.21 0.26 0.22 1.58 0.0036
1.4Ti 0.014 0.12 0.58 0.012 0.001 25.89 14.90 1.24 0.25 0.16 1.39 0.0038
1.1Ti 0.021 0.16 0.48 0.011 0.001 25.95 14.62 1.30 0.18 0.13 1.13 0.0048
EH#EEET7 2514 FROFMIIL SNEFRBEREN Table 2. Heat treatment conditions.
TW A, Z‘Lé':'%b, T b T UHIENVEHTAY - Solution Precipitation treatment
YhREONEEME L TER S, KREEEMOBLEE treatment Ist 2nd 3rd
BIXIILAE W, I/, BRY-VE o u—%E& LT 1.9Ti | 1100°CX8h | 820°Cx20h, FC
# 1.6t o/phFu— % H Eddystone No. 1 ¥ — ¥ ITf# 1.6 Ti 810°C < 20h, FC 74(2):)%XFC 65(2);%ch
B NEBDb DL THLEY. T0l0, BELE, — LATH Colimrate |S0CxA0LFC| |
BBERIE STEP-11 #— € v Hu—sHe LT, 11T 780°Cx 20h, FC

A286 BEATHEEMOBREFM LT T 572D OH%
*ERLTEY0 2o, A286 548 KHEEM
Bk FOBELMESAO—> & LT, ESR oK
{LicE > 5 V {E#T (VAR, ESR #38Tid Freckle & b
V9 ) OEBUER OEMAER I NS,

WV AR OERBIEICE L T, ¥, ESR &K
HoBIEIL, Thbb, REHEES X OHHEE % #L
THIENEETHLH, ESRHFEROKESICL-T
BENRZFTEIATTLRGEV PSS, TDI20, A286
GEDLER ST OB 21T, ¥ VIRTOBREICE Ti
HHViE Si BOBRBAANTHH I EERLEY. £
72, S H, FEOHEE 2 ERENICHS I LT
Z,Q)IO).

o, Ti 22 Z b s 47 1000~1350 mmé ESR
Sbih S RE L7 A286 e AEBREMOMRELAE
L, & VIR OMRKS X RTBOBHOMEICB X
T3 Ti BE0EEBIZOoWTHET L.

2. Bt LUKBRGE

e 1z VOD iIck DR L - E MR % ESR L &8
HELHDT, Fo04bFER S % Table 1 127773, 1.9
Ti M@ D A286 BEDOTFTRO Ti #&AF L, foft
HKMREHITIiBER2RPEIETAS. B, Si &l
FVIRENOBRD-HTELEFELSBE 2.

1.9 Ti #fi2 1000 mm¢ ESR #3 % 880 mm¢ ¥ THx
&L, gt id 1350 mmg ESR #8 % 950 mm¢
T CHRE LA 2 S, EEERBRM B X OW VR
Y EURBM LRI L. 4B, SHEM, BPICHE
ARBHEELERL, BELE T —EL L. S
1243 Table 2 /R EULEE % fi L 72, B HLLEEF O
#HNZ 950 mme B K EEE O L OFEIMAR A EE L,
SEWHIERE % 220°C/h & L7z, F 72, #E O A286

-
—

B & ORI IZ 700~760°C O —EBER)TH 5 A5,
ST ) - THRIERASET H 720, IEEFEMER
FALD, Table 2 IZ/RT & H12, 1EBEHREEZ2 Ti &
25 LT 820~780°C (&L s & 7.

39, BHEMICOVWTH VIEHFOEIKREZHEEL,
bo b bRITDOKEDL 572 1.9Ti Mo T, B
HEICBXEITHE VREITOELEBEHAEL /2. D0 T,
& Ti Mic2on T, # VIRITOZENFZO O EiR
FIERAER B & HIRMEY A 7 VIR RER % £ L 7.

W VAR ORI L EIEMSEE B KO SEM 12X 58
HRERE2, EPMA 12 X A{LZRSO5H B L ORE & il
WX VR L. B, BEEM o EHTANICER
L 2 IEEEHRERR B L ORATRR A 38R 1) & A
WA E)CEELLEISABR2bb0T, Eil
~700°C D5 [5RHER, 2 ) — THWTEER (600, 650°C),
BY A2 VBXOEY A 2 VIEHRER (5, 650°C)
WX DAELS. FIRERBRIE 12.5mmp REEF 2D bW
T JIS G 0567 235 %, 7V — 7HWAE X 6 mm¢
KEEE 2L bW JISZ 2272 ICHESWTERLL. &Y
A7 VIESREBE LCit, Smmé REH % b bW JIS
Z 2274 12D WTC, HEmTETREEIT o720 T/,
W A 7 VIESTERIE WES 162 I35\ T, 09 AE
JE 0.1%/s =M K A HH 1 O3 A HI#E5 REMRER
B % 7o 775, REBHEOEE LZEIR T 8mmg, 650°C
Tk 6 mm¢ ABRF 2 fFEH L 7=,

3. RBRERHIUEE

3-1 ¥VEHOMRICELEFT Ti BOZE

WV ARAT 8BS S O A I EATIC O BRI T
BY, FOME O FEMFH L Photo. 1 II/RY.
#§ VIEHIBELEES W HSTHY, Ti20RII
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a:1.9Ti b:1.6Ti
c:1.4Ti d:1.1Ti

Photo. 1.
different Ti contents.

Photo. 2. Scanning electron micrograph of segre-
gated region in large A286 alloy forging with 1.9%
Ti.

o CTEOAEBMEMIZET L, 1.4 Ti #CRIEFEICE
Wiz, 1LATIiMTRELBOLNEL 2D, T2,
ZoKEEH, 1.9Ti HTRERY 2~2.5mm BET
HAHA, 1.6Ti T 2mm, 1.4Ti # Tk 1.5
mm & Ti 8O IHES T/HE {5 Twh. Photo.
2 IS HICEEERCHELL 1.9Ti Mo VR
» SEM Mgk % Rd 725, n#l, RKEBREMAWBILT

Optical micrographs of segregated regions in large A286 alloy forgings with

Table 3. Results of EPMA analysis on normal and
segregated regions in large A286 alloy forgings
with different Ti contents (wt%).

1.9Ti 1.6 Ti 1.4Ti

N S S/N N S S/N N S S/N
Si 0.47 0.90 1.91| 0.17 0.24 1.41| 0.16 0.25 1.56
Mn | 1.20 1.44 1.20| 0.59 0.69 1.17 | 0.61 0.68 1.12
Ni |25.9 27.0 1.04|25.5 26.9 1.05|24.6 27.0 1.09
Cr [15.9 15.4 0.97 |15.3 14.8 0.97 }15.2 15.1 0.99
Mo | 1.33 1.90 1.43| 1.22 1.60 1.31 | 1.17 1.62 1.38
Al 0.30 0.39 1.30| 0.31 0.39 1.27} 0.27 0.37 1.37
Ti 1.97 4.76 2.42 | 1.65 3.76 2.28 | 1.39 2.89 2.08
Fe |54.4 49.7 0.91 [57.1 52.4 0.92(52.8 52.8 0.92

N : Normal region S : Segregated region

Laves fH: B b A HEWIZHBFZEDHLNLELE. IhHD
Wiz Ti BOETICE - TR T 5.

Table 3 IZIEHE & ¥ V RITEHRDO EPMA 12 X 51b%
B OMEREERT. WTFhoftFEMicswTs, &
V RATE 2 Ti, Si, Mo, Al, Mn 2%i8fb L, Fe 7%
WA LTWaED, Ni, CriziZ ALZEbbRw. 45,
Ti BLU Si DRHE (S/N) 5B koTwab, R
MIZE-TEBERBDORELRS Ti, Si BXU Mn DRITR
BEHEBRISBLTAHCONTET T2, 8FEDIZIT
L WBOILERSORITERIIZEALEDL RV,
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Fig. 1. Relation between hardness distribution of

segregated regions in large A286 alloy forgings and
Ti contents.
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Fig. 2. Tensile properties of normal and segre-
gated regions in 1.9 Ti alloy at elevated tempera-
tures.
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TL, RITEBTIRIEERRIC < 5~ %25 HV 40~30 b
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Photo. 3. Optical micrograph for longitudinal
section of specimen including segregation in 1.9
Ti alloy after tensile test at room temperature.
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Fig. 3. Changes in hardness distrifution of segre-
gated regions in 1.9 Ti alloy with tensile strain.

Fig. 2 ICIEEHB LW VRIT* & LABRMOZER
76 700°C £ TOFRABRAERERT. 0.2% WHd X
OGRS IEFEH LRI Tl L AL ERRBO SN
VoL L, OB XU E 400°C LETIRIZE A
EERI VA, RITEETIE 200°C B X ORIRTAHKIC
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Test ltem

Testing Condition

Hardness ( Hv)

260 280 300 320 31:0
Before Test _ —o— L
RT :D—Q—I
Tensile Test -
650°C —0— +—e—i

Creep Rupture

600°C, 35 kgf/mm?

Test 650°C, 23.4 kgt/mm? ——  ——e—
High Cycle R T.40 kgf/mm?® —o— —e—
Fatigue Test | 650°C,35 kgf/mm? | ——o—i ——t

Low Cycle

Fatigue Test

RT , 1.5%

650°C, 0.5%

360 T Ll T T
340 /} /{
£ 320 /}' _4{
. -
L 300
o Rupture
T 280 (s Rupture ‘
() Rupture
(N)
N S .
260 o e 1.9Ti
s & 1.6Ti
o = 1.4Ti
240 + 4
1 i 1 1 1 1
0 5 10 15 20 25

Average strain (%)

Fig. 4. Relation between hardness of normal re-
gions (N) and segregated regions (S) in A286
alloys with different Ti contents and tensile strain.
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Fig. 5. Hardness of normal and segregated re-
gions in 1.9 Ti alloy after various mechanical tests.
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Fig. 6. Creep rupture properties of normal and
segregated regions in 1.9 Ti alloy.
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Fig. 7. High cycle fatigue strength of normal and
segregated regions in 1.9 Ti alloy.
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Fig. 8. Low cycle fatigue strength of normal and
segregated regions in 1.9 Ti alloy.
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HH, RATEOME S T TICdEL T, LzdSs T,
WENRDBEEICOIEEEH ST 525, RITEHRERE
DIEFEMOEEL O TARBRBEFRHMABRA LB %
0, &0 LEFTRBR OWMEIK 2D, BUOTAH
I ZOREIFKEL LD LOEEZ NS,

DEDFR, 1.9Ti HOBBHIBEEIcBXIEZTHEV
RATOFE L LTid, 200°C LT D5 BREM B X UF O
T AP BT HES A 7 VEFRELETET X5
bOD, 7 —THEBLUTEY A 7 VIESEREICH L
TREEFIOLNEVWI ENELIPI 7. 2D
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RDOEKHICEZOND. RITEBOMAPEE 2B
EEMERITMOMEZEIZD o & S 1), Zil5]
RARERD X ) WWIEFEIOMIE LK & <, FHEEIRE
B b R BGE IO RHTER 2 S BT L,
EMGEFHRBRT I VET 5. —F, EFHoML
LA/ S, RATERICHE L S AV IGA101E, IE
Wi SWETT A - ORITOELEII/NS V. LarL, E
HEHBEWOEETDH, 1KY A 2 VEFRBROE A4
DX, WEEO-DRITHRBRR OIEFH O3 &8
IEEHAEBER L0 KEL 2B AECRREROZEN B
2b0tEZOLNS,

3:-3 ¥ VRIABOSIRME S LCEY 1 7 EHE
BElLHLET Ti BOPE

ILITi BT, ZOBRMHBEICBLIZTEV
R OB RD SN - FiRE R B L OEBKY 4
7 VIRSAER (Ae,=1.5%) %, #F VIR OBH SR
721.6Ti, 1.4Ti IZoWTERL 7.

Ti B2 A2 7-KUFAMOEERB LW V IET &
TR OF IRAEBAE R % Table 4 12777, EHH,
FATERE &, SR TIi BICHBILTE L -THD,
Wz, EMIETLTWA, RITEBRARBRE ICowTiE,
1.9Ti MOGETNTRFTE S SHERT L 7225, 1.6 Ti
MTE3IRP1IEADR, 14TizVFNLEFEED
SBEML, TiBOBAICXDE VRETOEEBZETL
TWBZEFHLHTH L. RITED ST L 2-5E,
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Table 4. Tensile test results on normal and
segregated regions in A286 alloys with different Ti
contents.

. 0.2%PS TS El RA Rupture
Specimen (kgf/mm) | (kgf/mm) | (%) | (%) position
N 54.7 94.0 22| 25 B
53.3 93.9 24 26
1.9Ti
s 54.2 93.1 13 17 | Segregated
53.4 93.7 17 18 region
N 52.9 90.5 25 28 _
53.2 91.2 26 30
1.6 Ti
S 52.5 91.3 19 22 | Segregated
51.8 90.7 24 29 | Normal
50.9 89.2 23 28 | Normal
N 47.5 87.5 28 41 o
46.2 86.4 29 42
1.4 Ti 0.0 "
. 88.4 27 2
S 47.9 86.9 | 28| 47 |Normal
48.7 87.6 28 46 | Teson
. 42 .4 80.6 33 50
L1Ti| N 416 79.1 32| 48 .
Requirement >40.0 >75.0 >15 | >18 —

N : Without segregation S : Including segregation

fer, %0 IZIEF RN & DIV 2T, HEOZ D
¥ (3%

¥ 7z, Table 4 IZ3@EBERE STEP-II ¥—E¥ > D
BRO— S ICBERSNAB5RMELRLTHAS. 1.9Ti
M ORATERREBRH DA, MBI UBN DERME %
RTELVWEETI CEMEIEKTLTYS2Y, 1.6 Ti #
TRREHE»SHM LT HoEREL ML T S EN %
RLTWA, 1.4Ti, 1.1Ti # T2 &S IO ED
Boohb, B, WER T 2O, TETT
52, 1L.1Ti M TCHERBEELHLEL T 5.

Fig. 4 IZ;RL72& 512, 1.6Ti BXUO1.4TiMics
Wb, 1.9Ti & FAE, EFEIBOMIELLD SR
WERDZFR XD KEL, BHROBEEINS (ko T
wah., Tbb, 1.9Ti, 1.6Ti BXU1.4Ti OB
W cosn bR, #hFh, EEHTHVS3, 64,
71, {RATERT HV 24, 42, 55 TH Y, wFhb Ti &
DETEEHITHML, BIEOB I ZIEFHTIE Ti
BRI RV EEE R LTS, RS Ti
BIZPPHOLTIEREIFRLES Lo TWAS. L2 - T,
BB K Ti MR EFIERITBOBEEZEL H
D, Zo7zBk Ti # TRARHTE > SRR 2 0 i2<
{lrol-bDrEZONS, K TiHi2EWLEIKE
Wi, EHE, EAEE S Ti E4MEL 2513 EES
BEL, W TOERENKRELL ol EEXDL
nn. $7-, Table 3 IZRLAz& D12, Ti BEAMKWIZ
CIRATEO Ti EbEV7-0, BE bK<, n oM
bA%EL R, RIFOESEIWES NIz DLHES

1145
Spec- | Agt [Cycle to Hardness (Hv)
imen s |Failure 26.0 26.0 3(?0 32'0
N | 148 [ 1738
1.9Ti ot e
S | 150 | 1225
\6Ti N 143 | 1495
S 145 | 1693
.| N | 1521680
1.4Ti —o0—o ——
S 147 [ 1768
Note 1) ! N---Without Segregation , S---Including Segregation

2) . —o—— Normal Region , —e—— Segregated Region

Fig. 9. Low cycle fatigue test results and hard-
ness after test of normal and segregated regions in
A286 alloys with different Ti contents.

ns.
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