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Table 1. Related data of the designed series of alloys, including cluster formulas, alloy composition, lattice constant (a),

lattice misfit (¢) between ¥ and 7’ phases after aging at 900 °C for 50 h.

Alloy Cluster formulas Alloy composition/% a/nm e/%
[AL-(CogNiy)]((Alg5(Ti, Nb, Ta)os Cos3.13Niz5,00Alg 35 Ti1 04 ay = 0.3570 4 0.0003
SI-INT Moy 5)(Mog 5Crg5C0y 5)) Nby 4Ty 04Crz 15Mog 25 ay = 0.3583 + 0.0002 034+ 0.05
[Al-(CogNiy)]((Aly5(Ti, Cos3.13Niss.00Alg 35T 56 ay = 0.3575 £ 0.0004
S2-TN Nb).sMog 5) (Moy 5Cry 5Cop.5)) Nb, 56Cr3 15Mog o5 @ = 0.3584 + 0.0002 027 & 005
S3-TT [Al-(CogNiy)]((Aly 5(TH, Cos3 13Nigs 00Alg 35T 56 ay = 0.3575 £ 0.0004 0.29 + 0.07

Ta)ysMoy.5) (Moy 5Crg5Coy.5))

Ta, 56Cr3.15M0g .95

ay= 0.3586 + 0.0003
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3 EHER
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FCC 45ty #Emx A T Rom A 20n % (151 2), fr
A AR SR v /A AR B O 2,
R S7 D5 TE S 1 A 35 20 Moy A 7 FCO-y 614 I
HICHAWT B ARFEAE. BAKHE, 4 (Ti, Nb, Ta)gs
DASEY) 5 Y F BV AC s, S1-TNT A4 H AR
S = 100424 nm, BB 28 45% (1 2(a));
WMORE TaJuE, Ti/Nb LLISEY) ) & DT BT, S2-
TN &4 YIRS r = 105426 nmARFS>

v

V- ¢—v

Intensity/arb. units

20 30 40 50 60 70 80
20/(%)

B 1 #3895 Cog;NigAl sMoy (Cro5(Ti/Nb/Ta), 5 3 F &
4:7F 900 °C /50 h P AR Y XRD &3

Fig. 1. XRD patterns of the three designed Cog;Ni Al 5
Mo, (Cr5(Ti/Nb/Ta)y 5 alloys after aging at 900 °C for
50 h.

B 2 CogsNijAl sMo; (Cro5(Ti/Nb/Ta)ys 3 F4 4 900 C/50 h B3 B9 SEM fORH ML (a) SI-TNT; (b) S2-TN; (c) S3-TT
Fig. 2. SEM observations of three CogsNijAl; sMo; (Cro5(Ti/Nb/Ta)y5 alloys at 900 C for 50 h: (a) SI-TNT; (b) S2-TN; (c) S3-TT.
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B 290 42% (18 2(b)); i Ti/Ta LASEY) B A 5
VEECHT, S3-TT &4 y#HRI T r = 66+16 nm Fl
TRFRIYEL £ 290 55% (K 2(c)). FTLAEH, Ti/Nb/Ta
A Ti/Nb DL &9 J5 (1) 5 VT FL S, 3 B AP A 4 v
YR RS FUARFR 40 2, 1B Ti/Ta LLAEY) 5
SR UNUT N e = N PN Wi RTR T NI E R E N AT L 2 K]
Tt

ShitE— 25 WA A T HAH I R S5, e RR
I 50 h (1) S3-TT G447 T TEM KAk, WE 3
Ji7R. AR4E TEM W11 (8 3(a)) . W51 (# 3(b))
DL X B TS (SAED) FERERT LI, st 5
B L1y A S M0 AR FOC-y B4R |, HL
YR SE r = 71418 nm AR50 f 290
52%, 5 SEM HZIME G458 —8. i, R
59 TEM(HRTEM) RAE A5 v J2A44R A+
i (B 3(c)), ATLAE H v v SRR Z A AR
R SR A (LI ERLR), HpE 3(c-1), (c-2),
Gy 3R A Sy AR GE A P o L e AR
(FFT) 15 20 /47 51 1B, =380k HLAG ) 557 J7 4544
[ L1y "B FF RS S FCO-y BRI

3.2 KHMNMIEPHRMAREL
K445 T 3R A 4AE 900 C KIIRuE
oy /RS LSS, BT LUE Y, BE 0 ]
TR, B Ay YRR & & AR R B A kLA, (H
FERRGE R TP Re IR R A S 5 IRAR. i S1-TNT &
4 ((Ti/Nb/Ta)gs) BF&% 100 h 5, Y AHEY RS
r = 139439 nm, L AFRLET[E 2 200 h #1500 h
Bf, AR SF 38 K #) 184457 nm A 254445 nm.
24 Ti/Nb/Ta PA%4) 5 i & VL FL 525 4 Ti/Nb

%
200 nm ;f,(?

200 nm

Ti/Ta LAY 5 A4 B PUEC RS, S2-TN Fil S3-TT &
G R AR RS 7R R 3 B 3550 8 A I BB AR A 2,
1 500 h BFRLE #9 yAE RT3 5128 236453 nm Al
230460 nm (I8 4(c-2), ( ¢-3)). K 54T 34
B A eI RS RR AR R R ) A AR 1R, AT
DL H RO 4B 2 Bl B R0 ) ) B K i 44, L
S1-TNT A4 v A AL AL AN A AP, BEAh,
5 LEA T AH 8 AR o i Fsf 255 e 1) ) A £k
Je B AT ERE 0, R A AR AR 0 B A 1 i, {8224
R L 100 b J&, (R BOEA SR X
5 Philippe-Voorhees $i F #l b B i 3334 A7 — 2,
RI7E &5 G 4 v 55 SRR A% Y A 38 2 0
YR Z R R AR 1)y =k A KAk, PR AN AR Al
FIRFUBEEA R ANAE. Hodp ) S3-TT &4+
YAH AR o B R, PR 500 b B, 2R 66%,
I SI-TNT Fl S2-TN & 4 o v AH B AR R340 f 5
MR 61% 1 53%. ItH., R T#—EEAE v/ Ik
LI IITE /M0, R STEM-EDS XK Af5%
500 h J5 19 S2-TN & 43647 T seik o tr, ailEl 6 fr
R ATLVEH, TR AT E S N, Al Ti, Nb JoE,
i Co, Cr Fl Mo TG &R H 2% F FCC-y S

1E 900 °C KIAIEL 500 h &, BR T 4PN v AH T
FLALAR, 75 M S A A ZUE S & 4 T B 8 b AR
b, WK 7 s, AE 7 7TLUEH, S1-TNT F1S2-TN
HaT, TEMARHIAT T AiERR e SRR L
K HORALF (K 7(a), (b)), 1 S3-TT A& 4 i &
T RAFAEARARIY 4, JEHABRL BT (8] 7(c)).
K iE—HEAE S1-TNT 1 S2-TN 4 4 fi LAk Hr
HUBL T 1 S AR5, XF SI-TNT &4 #H7 7 TEM
FAE, WA 8(a) Wizn, It bn i X T AT AR

Kl 3 Cog;NigAly sMoy (Crg5(Ti/Ta)es & 4 (S3-TT) K4k 50 h 5 A9 TEM 455 (a) TEM W35 (BF) 1%; (b) TEM K53 (DF) 1% ;

(c)TEM 5 4r #F (HRTEM) 14 & HX¢ 13 9 FFT &3

Fig. 3. TEM characterization of 50 h aged CogzNijAl; sMo; (Crg5(Ti/Ta)gs alloy (S3-TT): (a) The bright-field (BF) image; (b) the
corresponding dark-field (DF) image; (c) the HRTEM image and FFT patterns.
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(a-1) "'.'_.;‘:;E.,;‘_j o

s le

- ;" =g aey
e Ay

(a-2)

JamaEy
L] ey

(a-3)

4 WY 3 A G G AE 900 C KB By A RS HLUB S A (a-1)—(c-1) SI-TNT % 100, 200, 500 h; (a-2)—
(c-2) $2-TN %% 100, 200, 500 h; (a-3)—(c-3) S3-TT MF4L 100, 200, 500 h

Fig. 4. Microstructural evolutions with the aging time at 900 °C of the three alloys: (a-1)—(c-1) Aged SI-TNT for 100, 200, and
500 h, respectively; (a-2)-(c-2) aged S2-TN for 100, 200, and 500 h, respectively; (a-3)—(c-3) aged S3-TT for 100, 200, and 500 h, re-

spectively.

450 80

E | g 170
: S S 117
= AT _ ®
a 350 - 78 160 ~
= %/ e R < &
g SAT {50 ©
- g g
[ o
< 2501 140 €
2 g
&
g 130 3
) g
g 1501 120 2
s --#--—e—S1-TNT S

= ~¢-——82-TN |9

< -
--#--—8—S3.TT
50 & . .

100 200 300 400 500
Aging time/h

Kl 5 381G 47E 900 C KM IF AL AR 19 R ) r AR TR
IMELf AR
Fig. 5. Variations of particle size r and volume fraction f of
7' precipitates with the aging time at 900 °C in the de-
signed alloys.

AL, ERAT R I AR ZE R S S T A5, R
WH o = 0511 nm Fl ¢ = 0.420 nm. EPMA 2%
(K 9) i — R E R AR SR T & 4R
Mo, Nb, Ta JG &, JuH Mo JL&E; M1 1
P51 Cosz o3Niys gsAly 54Ty 75Nbs g9 Tag 61 Cry 59
Moy 59 (BT A& ), H (Co/Ni) 5 (Mo/Ti/
Nb/Ta/Al) LA Ky 76:22, 53T 3:1, R EEE

1T pm

K 6 Cog sNigAly sMoy oCro 5(Ti/Nb)os & 4 (S2-TN) 1E
900 °C/500 h KBS &LE v/ IeAg AP B IC R A

Fig. 6. Elemental distribution in the /7 coherent micro-
structure of 500 h aged Cog 5Ni Al sMo, (Crj5(Ti/Nb), 5 alloy
(S2-TN) at 900 C with STEM-EDS.

ANTTETH I y-CosMo . BEAE, TEIZAT A Fil o it
BT /DB UREIRAR, 8 b 5 1 X R A 5 T LA
JIE (K 8(Db)), HAh RS R Tr 2k, i B 4
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Fig. 7. SEM observations on the microstructure on the grain boundaries in 500 h aged alloys at 900 “C: (a) SI-TNT; (b) S2-TN;

(c) S3-TT.
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Fig. 8. TEM dark-field (DF) images and the corresponding SAED patterns of precipitated phases on grain boundaries in 500 h aged

Cog sNi Al sMo, (Cry5(Ti/Nb/Ta), 5 alloy (SI-TNT) at 900 C.
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Fig. 9. Elemental distribution on the grain boundaries in 500 h aged CogsNi Al sMo; (Crq5(Ti/Nb/Ta)y 5 alloy (S1-TNT) mapped
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Design of cuboidal 7/7' coherent microstructure and
its stability in low-density Co-Ni-Al-Mo-Cr-Ti/
Nb/Ta superalloys”

Li Meng-Tian  Li Jin-Lin  Sun Jiu-Dong  Wang Zhen-Hua
Wang Qing’ Dong Chuang
(Key Laboratory of Materials Modification by Laser, Ion and Electron Beams, Ministry of Education,

Dalian University of Technology, Dalian 116024, China)
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Abstract

Co-base superalloys generally have high strengths, good oxidation- and corrosion-resistances, as well as
excellent creep-resistant properties at high temperatures (HTs), which are ascribed to the coherent precipitation
of cuboidal 7' phase into face-centered-cubic (FCC) ¥ matrix induced by co-alloying of multiple elements.
However, the cuboidal 7/’ coherent microstructure is liable to be destabilized after a long-time aging at HTs in
Co-base superalloys. In the present work, the cluster formula is used to design a series of low-density Co-base
superalloys with the composition of [Al-(CogNiy)]((Aly5(Ti/Nb/Ta)ysMog5)(MogsCrysCops)) (=CogsNijAl 5
Mo, (Cry5(Ti/Nb/Ta)5). Alloy ingots are prepared by arc melting under an argon atmosphere, and are solid-
solutionized at 1300 °C for 15 h and then aged at 900 °C for up to 500 h. Microstructural characterizations and
mechanical properties of these alloys in different aged states are obtained by using XRD, SEM, EPMA, TEM,
and HV. It is found that all these alloys with Ti/Nb/Ta, Ti/Nb, and Ti/Ta in an equi-molar mixing have a
special coherent microstructure with cuboidal 7' phase uniformly-precipitated into the 7 matrix, which is
contributed to the moderate lattice misfit of v/v" (0.27% —0.34%). Moreover, these cuboidal 7' phase are
coarsened slowly during aging, in which the microhardness does not vary obviously with aging time (275 HV—
296 HV). Especially, the alloy with (Ti/Ta)ys exhibits the highest 7/7" microstructural stability with a slow
coarsening rate after aging 500 h, and no other second phases appear near the grain boundaries. While needle

and bulk particles would precipitate on grain boundaries in other alloys after 500 h-aging.

Keywords: Co-base superalloys, coherent microstructure, 7' phase coarsening, the second precipitated phases
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