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Table 1 Nomenclature of the novel Ni-based superalloy under different treatment states

Treatment name

Heat treatment process

ST

ST+DA

ST+WR10+DA

ST+WR80+DA

1080 ‘C/2 h/AC

1080 ‘C/2 h/AC+650 ‘C/24 h/AC+760 ‘C/16 h/AC

1080 ‘C/2 h/AC+750 ‘C/10%+650 ‘C/24 h/AC+760 ‘C/16 h/AC

1080 C/2 h/AC+750 ‘C/80%+650 C/24 h/AC+760 ‘C/16 h/AC
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Fig.1 Size diagram of high temperature tensile specimen
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Fig.2 OIM images and recrystallization distribution of the novel Ni-based superalloy under different treatment states: (a, a;) ST,

(b, by) ST+DA, (c, ¢1) ST+*WR10+DA, and (d, d;) ST+WR80+DA
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Fig.3 Statistics of average grain size (a) and recrystallization volume fraction (b) of the novel Ni-based superalloy under different

treatment states
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Fig.4 KAM distribution diagrams of the novel Ni-based superalloy under different treatment states: (a) ST, (b) ST+DA, (c) ST+WR10+DA,

and (d) ST+WR80+DA

40

3t A'IE
= 30r

g =

=2t =
S %20.

& Q

w S
1 10}

S

<

Ol.m. [iidggd

10 2
pOND /510 m2

30 40 50 60 70

5 ANREALEARE TR R E SR A &K GND % 501 AT 5 GNDs % &

Fig.5 GND density distribution (a) and average GNDs density p®N°

A1 30~5010" m? 2 [i], & 45 (93 p®N° 1 5.52x10" m™?
Wz 34.48x10" m™?. X i I Bl A AL 2R T =
I, A ERE A 4 2 P 2 3 K.
2.2 BmAFES

6a~6d A [FEPIRA T3 AR I iR A £ 0 i 7Y
RRE A, B IRE LR R/DNAE BT (LAGBS,
2%0<15° , BOKFRKMAEHAF (HAGBs, 0>
159 , AR RERA (TBs) o RN T EWH
RAFEPRE T A SR 5 FRRAE 2 A, SR F Ha) 2
53 A0 R RAL 5b FHRFAEEAS, a0 18] 6a,~6d, s, Hrb
V. & 5 (Sub-GBs) /2 48 #H 418 di bz (8] X ] 22 /N T 6<2.0°

(b) of the novel Ni-based superalloy under different treatment states

5. BRI &, ST AT ST+DA BRE Sk A &6 HL B
KERBKZE 5 (K 6a F1 6b) , HUjH 2= # 7 Aii 5 3
o3 A, 1ANEAE 2.0F( i, 3 1 AN IEAE 60 L (&
6a; f1 6b;) - STHWR10+DA 1R AE fibi o A7 78 /D B 1)
B RERE,  HCHL R 22 A o At B RS A, {HARLE T
ST Ml ST+DA il FE, JL 2.0 iG55, 60 UL
IR ES (Bl 6cy) o« ST+HWRB0+DA IRAL IR Kk 28 i KA
TH R, WU ZE f 0 AT B g oy A, JLIEAE 2.5 (&
6d1) o I A FE UGS BT O S0 4 4 45 TF AT ) LART A0 20
for &tk FLTHT o T 60 BT (10U ot I3 T3 ok 28 i 7. Bk
R AR T T AR U E RS A & b, 7



FLAER S IR LB BB i IR S < OWL AL SR IR 0 A PR RE RS I

+ 2863 -

0.6 0.6

0.6 0.6

foup.cms=20.43% 4 “ d,
0.5} fs‘""GEi_ '0 ’ 0.5¢ fsu.cps=24-59% 0.5 fsup-cas=57.56% 0.5+ fsup-ces=17-37%
fLAGBs:Z']'A/Z fLaces=2.55% fLaces=11.68% facs:=70.78%
204t fHAe_Bs-Si»“/o 0.4} fiaces=72.85% 0.4 frincas=30.76% 0.4+ fiace:=11.85%
8 res=28.4% f78,=30.5% fra=12.4% f15:=0.04%
3_0.3 7 0.3r 0.3 0.3r
(5]
L
0.2 0.2 0.2 0.2r
0.1 0.1 0.1H J 0.1
0.0 0.0 = 0.0 0.0

0 10 20 30 40 50 60 -0

Misorientation Angle/(9 Misorientation Angle/(9)

10 20 30 40 50 60

10 20 30 40 50 60
Misorientation Angle/(<)

0 10 20 30 40 50 60 0
Misorientation Angle/(9

K6 AR BRSNS T 0T L BRI ven i & < 9 o FHRE AL 20 A0 A0 R 22 A 20 A1 T AR
Fig.6 Evolution of grain boundary characteristic distribution and misorientation angle distribution of the novel Ni-based superalloy under
different treatment states: (a, a1) ST, (b, b;) ST+DA, (c, ¢1) ST+WR10+DA, and (d, d;) ST+WR80+DA
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Fig.7 Morphologies of y' phase of the novel Ni-based superalloy under treatment different states: (a) ST, (b) ST+DA, (c) ST+WR10+DA,
and (d) ST+WR80+DA
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TEM images and SAED patterns of the novel Ni-based superalloy after tensile fracture at 760 °C under different treatment states:

(@) microstructure of ST+WR10+DA sample after fracture, (b) SAED pattern of the white circle part in Fig.10a;

(c, e) microstructures in different regions after fracture of ST+WR80+DA sample, (d) SAED pattern of the white circle part in

Fig.10c, and (f) SAED pattern of the white circle part in Fig.10e
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different treatment states

SEARA AR R AL BAEAPY. M2, DR
T2 i 0 2 AR TN I, RS R A T B et 2 R
AR AR R AR N AL B B I B R, AL B S R
IR T7, JF I8 I E A1 7 8 R /N X AT B T LS
MR, (RIS AT 3 Bt A A O B L B, (23t 1 o
o w0, [ K (28 T 2 i T Oy AR R A
AT, WAL A B, B & 4 SR E A 1 1 00
25 i J2= 2 DR EL g oK 4 J5 R T 2 I 1 ) A8 ) i A
ROR . 7R SR RN, AR AR < SR v, N
AR FRAUR AR T, 7R TRAL R B e O,
FLAE A FE B e i R, A B A T2 45 01 4T 4L A
ARG SRAL, AR T 3E B AL SRR A AL o I
AR, AR ILAL R, SRR EERASRE, SR BN
AR fE SCHE IR 1T 2R i 3 — O AN G o B RS O TR R
A TR A o Xu S N M 7R R AR A B R A S R
BULHE o0 ol 2 i ) PR AT LS 5 < ) o P AN A (R P 2
e SRR, LA s s EEAR TR, R T
L, BT s SR BN RS, B
167 5 08 2 P AR S 3 4 21 ek o) i T 07y
sy P TR 2R N B AR AR R B U, AR e B
TR AE T e R AR ACR, REAE A AR iR T
TAE R AP,

3 4

1) HiMEEERA &SP ELGE, RICH 1
WAL BRI R, xR p MR AR, 28T & A
10% A5 R 357 BROE HoR i oA, A TE &y 80%H,
RAFAR R, FARABBAIN . [FE, BEE
., BRI, ARSI, & HH HAGBs
B LAGBs #6748, FR ¥ B A 1B K AR & LRI

2) TEHTAVER I I A G b i [ A A iR gL
1) RIS 2 Ak B ) 5 AT AR v A 4 AE 760 °C R [ SR FE A
WA ZE, T ST+DA W Af (0,860 MPa, oys=
973 MPa fll £=3.5%) , ST+WR80+DA i{FEMH] o, $2 7
% 1050 MPa, 2% 7 190 MPa, oy #2755 £ 1138 MPa,
PR T 165 MPa, e = & 22.5%, &5 1 19%.

3) MR IR A S 760 C R 96 B Fl4E i R
(3 s BT & SRR TE L 1 508, R E A
10% B FE 1 DL R D08y A 1907 2 45 F B TE AL
i, AT Ry 80%IMF, TR Sh A ZHE ) EI O 3 AR
TERLH, SR T BB ORAIE T & 4 1 v 5 5 5 () B
NAFI T A 2R A5

S 32 3Lk
[1] Liu Hao(x!| ¥%), Wang Xinmei(ZE £»3€), Liu Dashun(xil K i)

References



%5 8

FLAER S5 IR L X BT BB IR 5 < O AL SR e IR 0 A PR RE RS IR

- 2867 -

et al. Rare Metal Materials and Engineering(¥i# 4 J& ¥kl 5
T#2)[J], 2014, 43(10): 2473
[2] Du Jinhui(#:4:#%), Lv Xudong(2 /%), Dong Jianxin(# &
) et al. Acta Metallurgica Sinica(4: )& 2:4)[J], 2019, 55(9):
1115
[3] Gu Yuefeng(# H %), Cui Chuanyong( # £ %), Yuan
Yong(i% %) et al. Acta Metallurgica Sinica(4:J&~#3%)[J],
2015, 51(10): 1191
[4] Zhang Rui(7K Hi), Liu Peng(X] M), Cui Chuanyong(# 1% 5)
et al. Acta Metallurgica Sinica(4:J&=3#)[J], 2021, 57(10):
1215
[5]1 Zhang Beijiang( 7k 4t 7T ), Huang Shuo(#& Xk), Zhang
Wenyun(5k 3 =) et al. Acta Metallurgica Sinica(4:J& %
#)[I], 2019, 55(9): 1095
[6] Zhang Peng(ik Mi8), Zhu Qiang(Zk &), Qin Heyong(F#3H)
et al. Materials Reports(#4 £} §#%)[J], 2014, 28(11): 27
[7] Song Zhikun(Z& &), Liu Yuanfu(Xl 7t &), Chen Degiang (4
f#55) et al. Rare Metal Materials and Engineering(Fi 6 4: )&
FRLS TFE)[3], 2022, 51(7): 2654
[8] zhu C Z, Zhang R, Cui C Y et al. Journal of Alloys and
Compounds[J], 2022, 905: 164 167
[9] Xu H, Zhang Z J, Zhang P et al. Scientific Reports[J], 2017,
7(1): 8046
[10] Yan Minggao( i 1% %% ), Chen Xueyin( ¥k % E). Acta
Metallurgica Sinica(4: J& %) [J], 1964, 7(3): 307
[11] Jiang He(iT. ¥), Dong Jianxin(Z& & %), Zhang Maicang(ik
@) et al. Aviation Manufacturing Technology (Jii; % il i& 4%
R[], 2021, 64(Z1): 62
[12] Pan Qingsong(i& X #4), Cui Fang(#£ 77), Tao Nairong(Fd /3
#%) et al. Acta Metallurgica Sinica(4%: @ 2% #%)[J], 2022,
58(1): 45
[13] Li Sujie, Zhu Qingsheng, Zheng Boda et al. Materials
Science and Engineering A[J], 2019, 758: 1
[14] Bufford Daniel, Wang Haiyan, Zhang Xinghang. Journal of
Materials Research[J], 2013, 28(13): 1729
[15] Abbas Mohammadi, Kaveh Edalati Diego Davi Coimbrao
et al. Materials Science and Engineering A[J], 2020, 783:
139 273
[16] Zhang B B, Yan F K, Zhao M J et al. Acta Materialia[J],
2018, 151: 310
[17] Wang Miao, Huang Xingwei, Xue Peng et al. Journal of
Materials Science and Technology[J], 2022, 106: 162
[18] Lu Lei(/5 %), Lu Ke(/5 #7). Acta Metallurgica Sinica(4:
J& 2£3R)[J], 2010, 46(11): 1422
[19] Tian Chenggang(H Ji&Kl), Tao Xipeng(F#M8), Xu Ling(#&

) et al. Rare Metal Materials and Engineering (%7 4 J& #1
#5 THE)[J], 2021, 50(10): 3532

[20] Qu Pengfei( J& % &), Yang Wenchao(# 3 i#8), Yue
Quanzhao(f&4:7) et al. Materials Reports(#1 k- SR)[J],
2019, 33(23): 3971

[21] Yuan Y, Gu Y F, Osada T et al. Scripta Materialia[J], 2012,
67(2): 137

[22] Tian Chenggang, Han Guoming, Cui Chuanyong et al.
Materials & Design[J], 2015, 88: 123

[23] Chen Jianjun, Ding Yutian, Zhang Xia et al. Vacuum[J],
2022, 203: 111 322

[24] Wang Xingmao, Ding Yutian, Yu Hongyao et al. Materials
Science and Engineering A[J], 2022, 847: 143 293

[25] Zhang Wenzhu(K 3247), Xu Zhoufeng(i4 Fi %), Jiang Li(#
71). Rare Metal Materials and Engineering(% 4 48 #1 £} 5
T.#2)[J], 2016, 45(6): 1583

[26] Ding Yutian('J ’ H), Gao Yubi(#4E4%), Dou Zhengyi(=. 1F
X) et al. Acta Metallurgica Sinica(4: & 5 4%)[J], 2017,
53(6): 695

[27] Gao Yubi, Ding Yutian, Chen Jianjun et al. Materials Science
and Engineering A[J], 2019, 767: 138 361

[28] Chen Jianjun(F:# %), Ding Yutian(J ’ H), Wang Kun(+
#) et al. Acta Metallurgica Sinica(4: & 5 4%)[J], 2021,
57(5): 641

[29] Gao Yubi, Ding Yutian, Ma Yuanjun et al. Materials Science
and Engineering A[J], 2022, 831: 142 188

[30] Wojciech Polkowski, Adelajda Polkowska, Sebastian Lech.
Journal of Alloys and Compounds[J], 2021, 860: 158 418

[31] Yi Hailong, Wei Daixiu, Xie Renyi et al. Materials Science
and Engineering A[J], 2021, 819: 141 390

[32] Viswanathan G B, Sarosi P M, Henry M F et al. Acta
Materialia[J], 2005, 53(10): 3041

[33] Kolbe M. Materials Science and Engineering A[J], 2001, 319:
383

[34] Ding Yutian('T ’ H), Zhang Baobing(7k 5 %), Gao Yubi(&
5 B%) et al. Rare Metal Materials and Engineering (% & J&
FHES T[], 2022, 51(7): 2490

[35] Cui C Y, Gu Y F, Yuan Y et al. Materials Science and
Engineering A[J], 2011, 528(16): 5465

[36] Yuan Yong, Gu Yuefeng, Cui Chuanyong et al. Advanced
Engineering Materials[J], 2011, 13(4): 296

[37] Jin Dan(% Ft), Long Haoyue(JEi:#K), Han Gaofeng(Hi
) et al. Rare Metal Materials and Engineering(# 4 4 J& 4
5 THE)[I], 2021, 50(4): 1311

[38] Dé&amps B, Raujol S, Coujou A et al. Philosophical


http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?flag=1&file_no=20141034&journal_id=rmme
https://www.ams.org.cn/CN/10.11900/0412.1961.2019.00142
https://www.ams.org.cn/CN/10.11900/0412.1961.2015.00442
https://www.ams.org.cn/CN/10.11900/0412.1961.2021.00153
https://www.ams.org.cn/CN/10.11900/0412.1961.2019.00078
https://kns.cnki.net/KXReader/Detail?invoice=g%2BDHAzksUSWxWzQBFlZKE0hJIOCda3FSiYPpyBZG8m3VWGtJ1SmOCakz5bWSDWXFHpIHbRfpHsZXqaqId4XPpv68M3DiAL0olGLDvIAxLyUrLYEvCWSsr4jlDEDCCe2yCKIpQnGUFNTQqaOmVfsf2JoYX7HSj4E4QD2zdgcsizs%3D&DBCODE=CJFD&FileName=CLDB201411006&TABLEName=cjfd2014&nonce=CA468BDFBA144BD0B18A5B694E6DF7B1&uid=&TIMESTAMP=1658239002365
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?flag=1&file_no=20210523&journal_id=rmme
https://www.sciencedirect.com/science/article/pii/S0925838822005588#fig0030
https://www.sciencedirect.com/science/article/pii/S0925838822005588#fig0030
https://www.nature.com/articles/s41598-017-07884-4
https://www.ams.org.cn/CN/Y1964/V7/I3/307
https://www.ams.org.cn/CN/Y1964/V7/I3/307
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2021&filename=HKGJ2021Z1006&uniplatform=NZKPT&v=x9urQmUji0gJ08chVTEwb1LZuihlqj4bEqy3Owk25RAKegK-Y77Y7sdHKKKE6Txa
https://www.ams.org.cn/CN/10.11900/0412.1961.2021.00342
https://www.sciencedirect.com/science/article/pii/S0921509319305829
https://www.sciencedirect.com/science/article/pii/S0921509319305829
https://link.springer.com/article/10.1557/jmr.2013.50?utm_source=cnki&utm_medium=affiliate&utm_content=meta&utm_campaign=DDCN_1_GL01_metadata
https://link.springer.com/article/10.1557/jmr.2013.50?utm_source=cnki&utm_medium=affiliate&utm_content=meta&utm_campaign=DDCN_1_GL01_metadata
https://www.sciencedirect.com/science/article/pii/S0921509320303567?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S1359645418302660
https://www.sciencedirect.com/science/article/pii/S1005030221007805?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1005030221007805?via%3Dihub
https://www.ams.org.cn/CN/10.3724/SP.J.1037.2010.00462
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?file_no=E20200038&flag=1
http://www.mater-rep.com/CN/10.11896/cldb.18120160
https://www.sciencedirect.com/science/article/pii/S1359646212002151
https://www.sciencedirect.com/science/article/pii/S0264127515303671
https://schlr.cnki.net/zn/Detail/index/GARJ2021_3/SJESBFC5B06356CB5E9C28E2B378C20738F1
https://www.sciencedirect.com/science/article/pii/S0921509322006918
https://www.sciencedirect.com/science/article/pii/S0921509322006918
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?flag=1&file_no=20150759&journal_id=rmme
https://www.ams.org.cn/CN/10.11900/0412.1961.2016.00508
https://www.sciencedirect.com/science/article/pii/S0921509319311475
https://www.sciencedirect.com/science/article/pii/S0921509319311475
https://www.ams.org.cn/CN/10.11900/0412.1961.2020.00264
https://www.sciencedirect.com/science/article/pii/S0921509321014520?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0921509321014520?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0925838820347812
https://www.sciencedirect.com/science/article/pii/S0921509321006596?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0921509321006596?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1359645405001655
https://www.sciencedirect.com/science/article/pii/S1359645405001655
https://www.sciencedirect.com/science/article/pii/S0921509301009443
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?flag=1&file_no=E20210536&journal_id=rmme
https://www.sciencedirect.com/science/article/pii/S0921509311003698
https://www.sciencedirect.com/science/article/pii/S0921509311003698
https://onlinelibrary.wiley.com/doi/10.1002/adem.201000232
https://onlinelibrary.wiley.com/doi/10.1002/adem.201000232
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?flag=1&file_no=20210632&journal_id=rmme
https://www.tandfonline.com/doi/full/10.1080/14786430310001621472

- 2868 - WA SRS TR 52 3%

Magazine[J], 2004, 84(1): 91 Hao(E %) et al. Rare Metal Materials and Engineering (¥4
[39] Lu Lei(/5 %), You Zesheng(J:i¥%F+). Acta Metallurgica 4 @A RS TFE)[J], 2019, 48(4): 1142

Sinica(4: & F#)[J], 2014, 50(2): 129 [41] Ni S, Wang Y B, Liao X Z et al. Acta Materialia[J], 2012,
[40] Huang Hailiang( % # =), Liu Guoquan( X! [E #{), Wang 60(6-7): 3181

Effect of Warm Rolling on Microstructure Evolution and High Temperature
Mechanical Properties of a Novel Ni-based Superalloy

Kong Weijun'?, Ding Yutian'?, Wang Xingmao®?, Gao Yubi'?, Bi Zhongnan®, Du Jinhui®, Gan Bin®
(1. State Key Laboratory of Advanced Processing and Recycling of Nonferrous Metals, Lanzhou University of Technology,
Lanzhou 730050, China)
(2. School of Material Science and Engineering, Lanzhou University of Technology, Lanzhou 730050, China)
(3. Beijing Key Laboratory of Advanced High Temperature Materials, Central Iron and Steel Research Institute, Beijing 100081, China)

Abstract: Based on the theory that the microstructure depends on the processing method and further determines the mechanical properties
of the alloy, the intrinsic relationship of different warm rolling deformation degrees with the microstructure evolution and high temperature
(760 °C) mechanical properties of a novel Ni-based superalloy were investigated by EBSD, SEM, TEM and quasi-static high temperature
tensile tests. The results show that the increase in the reduction of warm rolling significantly improves the high temperature mechanical
properties. The yield strength, ultimate tensile strength and elongation of Ni-based superalloy processed by the warm rolling with the
deformation reduction of 10%, are increased by 230 MPa, 166 MPa, and 4.1%, respectively, compared with that of samples processed by
solution and aging treatments. Further rolling deformation processing (80%) causes the evident increase (22.5%) in elongation. The
microstructural analysis shows that with the increase in warm rolling deformation degree, the main deformation mechanism transforms
from isolated stacking fault to microtwinning. The formation of microtwins not only ensures the high-temperature strength, but also is
beneficial to improve the elongation which is the main reason to achieve the high temperature tensile strength-ductility matching. The
present study provides a new strategy to obtain the satisfactory high temperature tensile strength-ductility matching of Ni-based superalloy.

Key words: Ni-based superalloy; warm rolling; high-temperature mechanical properties; stacking faults; microtwins
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