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Electron Backscattered Diffraction
Investigation of Grain Boundary Creep
Damage Features of HR3C Austenitic
Heat-resistant Steel

HU Zhengfei, ZHANG Jiale, ZHANG Jie

(Shanghai Key Laboratory for R&D and Application of Metallic
functional Materials, Tongji University, Shanghai 201804, China,)

Abstract:

fracture characteristics of HR3C austenitic heat-resistant

In order to investigate the intergranular
steel at various creed rates, several techniques are
employed to test the properties and observe the
microstructure evolution. The quantitative electron
backscatter diffraction (EBSD) analysis results show that
creep strain has little effect on the grain size, and grains
do not exhibit a preferred orientation or no obvious
texture after crept at different creep rates. The lowest
proportion of low X CSL grain boundaries at 150 MPa
implies that the primary twin structures is preserved at a

low creep rate, while some twin structures are evolved
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into general grain boundaries at a high creep rate. The
EBSD analysis methods well describe the creep micro-
strain distribution, which shows that the creep strain is
inhomogeneous between grains and strain occurs mostly
close to grain boundaries and induces grain boundary
migration. The generation and propagation of
intergranular microcracks and creep voids are the most
These

phenomena are closely related to the creep rates and the

significant damage characteristics. damage

character of the grain boundaries.

Keywords: austenitic heat-resistance steel; creep;

damage feature; grain boundary; electron backscattered
diffraction(EBSD)
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Tab.1 Chemical compostion

Wl 0 b JRE Y Y
PR R C Si Mn Cr Ni Nb N
HR3C 0.06 0.35 1.18 24. 84 20. 54 0.41 0. 230
0. 0d~ 24. 00~ 19. 00~ 0. 20~ 0. 150~
»B5310— <0.75 <2.
GB5310—2008 <0.10 075 2.00 <26.00 <22.00 <0.60 <0.350
ASME 0. 04~ 24. 00~ 17. 00~ 0. 20~ 0. 150~
<0.75 <
SA-213 <0.10 <0.75 =2.00 <26.00 <23.00 <0.60 <0. 350
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Channel 5 8 XA H B8 FEAT 2L 30, 15 2 Gl ]
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) 22 43 fi K (Kernel Average Misorientation,
KAM) | dili i 2258145
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Fig.1 Creep data of HR3C tube at 650 C
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Fig.2 X-ray diffraction patterns of crept samples at different stresses
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Tab. 2 Results of creep test and XRD test
e G5 71/ MPa 5] /b ERASRAE/ % P A /10! (111) i 437,/ 20
A JRIAF R 43.55
B 250 1235 9.7 25.00 43. 60
C 200 5290 8.1 5. 36 43. 65
D 170 10073 5.1 1.79 43. 66
E 150 13730 3.0 0.61 43.62
2.3 BREE 280 -
B3 g T AS ] i 728 O 1) S G het B Bl 5 17 _ 260
1 14 AR AR 5 7 T 32 K, 2 P9 39 0 5 S 4 2
P A A [ PR D, A 2 2 0, £ I
AR 15 22 9 U A4 2 7 A ) A 7 A 1 g ~ &
LU S R B B R B AR R DI TR B 1800 - s )
. N oA N iy 0 5000 10 000 15000
(266. 8 HV )iy , MM A2 i i) B4 (19 1404F E (2 B 5T L/
E%ﬁ?ﬁ%,ﬁﬂﬁlﬁﬁ%EﬁgFﬁ%ﬁﬁ TR, Ak E3 AEEDA TN B M@ ETY

AR BT AR I T oRE IR, A s AL X2

Fig.3 Microhardness versus creep time
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Fig.5 Crystal orientation of cross-section crept

samples
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Tab.3 Ratio of low X CSL grian boundary

CSL A e/ %

A 13(<29) 53
B 37.82 373
C 37.57 35.48
D 39. 35 37.41
E 59. 21 56. 12

_ 500 pm_

¢ BFED d IRHEE
E6 AEMETIXFERCSLRASTH
Fig.6 CLS maps of grain boundaries

3 L

3.1 ARETHRGFEFREITHLE

MXRD &5 58 F i, AS [l EAR 30RE 1Y XRD 7 5
WA AT — 2 AR Ak, T S I R St AR . R 2 45
9 (111) AT A R/ e AR XRD AT 5 06 £ i A
b DA B A B U 1) R 8 SRR 2 ke RS AR R B | i
). HR3C HA BHEE SN, A&t R E R,
A% B ; [ B 225 A7 4% RN i % A, XRD
J S8 LA B o BIRRETE R W I AR AR T, AR
AT HE A R R R 22 /N R R ER A
LR — B R R PR B, SRR IR ks
o s SR B 5 A DR T AR 4 IO R R o B I AR e ]

FEAC 5 AR 2, U HOE A AR A Z AR
KR FLAC SR R 3, fbA% i 50t/ )~ I e 722 st i)
1M R — ML, ARG T Y | iR
2RI 2 7 ) — e B BE A, LR G AR e T
FRE BB, dm A 5 B0 A8 Ak 2 Ok IE 58 AR AT
KKITH

W I 4 mT DU Y TR o ) 178 BA B R
25 R AR A R A . AR R R
A RS R A S R s a1 457, B = )
B ey I A8 T e R B B T R R R R Y 32
R BB NEAS S TR, TS AR RS R
AT LUAEWT , 5 H0 0T 4570 i AR A2 o R U g
01, SESR BRI AL, KT EIERLOE
T =AY e . BUERLUEH =R
e YR, Ra ry e 5 5L A 3 )
— BRI AR R 0 B R 5 R R R i AR A
] o il IV 7 /)N BT A8 TR o, T A s ]
FE R E RN . FE /MG AR R T B E A R R
BITHELL, B AR 23 VR ) 25 37 ey T HAt A | A
L ST A, ks A B R A IR
RS, AT DLARCIE A2 3 B SR W 22 T AR
23 ) 125 B S 55 AT RS TR BT 3L

AN [F) U5 75 B T TE T AR 2R, 3 B I AR
TEAR T2 15 AR AR AR MR % sh ALl = A . =R
S A TR SRR AR 23 I ) S A AR ]
1) i 2% 45 IR 7+ (Schmidt factor, SF)fF7E M B 22 5,
ORARGF M e 1 oA 2033 26 i AT JE i 80y,
AR 23] 2% #E FCC (face center cubic) Z5F4 109 5
fRep, <<111=>Hm Y SF RN T HABMRE 1 SF 1,
XA <111 >0 ) i) ok A S R i AR B
BB T LAty i) SR R ), R A X B 25 5 e B
BUARTY o SR <111 Hga) () o 5 HAE 08 AR Y
ARTEXEVA TN, i 8] B2 ) A R R A AN TR A
3.2 METHLHIFETT

P 3 s R D A F I3 A Ak I BT, AN (]
et AR AR 1) S T 8 A A R A o B AR B .
IR AR B[] 5 4 i URE E b Al 3 4 1 %, i
ISR iR N 2 S IRV R TPAN R A DR Ay < E T
1T 585 28 i TR X 3 e P RE D B B A oA i e
AL FNRFE EAH L B I 55 %, 7843 3R WA D
B AR 05 P R | B0 U I A R R I S A AR
I o A - B S 3 BTN =11 3 Y N
T i SRS, PR GE A8 3 B T T B R AR s T . 3R
HIFE A8 SR B = BT VIR, IVERT , b AR ik



616 [l o K 2 2 MCH 9K BE 2% O

ZLGUR i T S B TE AL 0 25 5 s TR 2
T IRARI TR B8 23 IR T A R 245 AR 2R
SN

055 728 728 FEATL TG 3 1, 05 728 22 4] ) I o mT
VPR 1, 4 BEOPIL T AR T Bk [ R B
FEAB R B AR TR A U A B 2 T s A 0 A e
R PT SBIE o 45 A XRD &5 550 M A AR ik
B AR A TT LU H B A8 ML A 722 0 3 3 DX AR DT
AL AR RFIT . MR S CSL T 5L i Fot T A H i
EHLHI A . R3TERE B, mIR AT LS
CSL S i HUAR, iR 28 3 B2 R AR S CSL A 1L
BT, ik — PG 7 G AR B AR . =,
Ik S CSL il A L S8 AR A0 T AR 1 7 FHG , 15 055 28 1
PSR 3AR R AR A A S AL
3.3 BEMTHAHSME

EBSD 4517 45 5 AT s e it 4 Wy 22 #2 E, tmT LA
FIRWOIBMEIL AR AR EE o R Wik A A IR 28 R i Y
S FEA I T 0 X 5 B 22 (kernel
average misorientation, KAM) il &y ki 2 25 B n] 2=
(grain reference orientation deviation, GROD) .
KAM A 71 1Y J2 [6] — fiioRn N i — 05 AR il
FUZ BRI RA M) 22, Sz e it P A AR S 8 7 742 93 A
KAM K/NS A% R AR . GRODEFR
7N Y72 foRE P e — 55 ) — A R A R 27 i 2 ]
I 22 , %5 7% i — R BUZ ok 1 25 T 7
HERLAR . GROD T ok i Jey s i A8 R (8
P ftoRL 2 [ B bz P 3 ey e M ] A2 Ak, ) T
i 2 SR N SRR S SRR . PR S oW
PEAS T AT OG0 0 2 S W Sy A S A AR TR i 1 5 Ak
TR L, BCIE A vy V0 My P A8 D AR 32 A R Bl 5
7L R G B S 8 B A

7 FilEl 8 S 151 5 1Rl — 1 T KAM AIGROD 4t
KL B 70 KAM EIEAE o & G 288 742 1 R
FU RIS T o, S R AR S g I, sl 0, i
AR F B A T R A BE . KAM B & 8
AR ORI kel & I R RS o N T i €535
F 7 A T AR A8 A, (&1 8 S AN [m] B A R £
GROD [, 7R AN [a] ok g i AR R B AN R], o2
N JERAR TR AR AR T AR XTI AT RN 1 450
AR ) AR AN S SJPE R G, A3 R R R T AR ARG
HHIR

a B

o i

500 pm

¢ KD
7 AEETHEFEBENKAME
Fig.7 EBSD-KAM map of crept samples

d AFFE

20

GROD/(°)

500 pm

WD d UHEE

E8 AEFTIXFEEER GRODE
Fig.8 EBSD-GROD map of crept samples

P& 9a {7 KAM H AR 1 10 2 R e 3 2 B 2 i A
N A0 T RN . AR T KAM AR
150 MPa A8 24 F KAM A B & AL, KAM %
B AR L0 A T i AR, W AR I ) 0
AT AS B AR AE . 18] 9b J& GROD A X i {8 Fi -
S RONR A =T S A I NS S S S E N DS DA
) GROD {8 il GROD ~F- ¥ {HAH X =48 . GROD 1)
AL S KAMAFETE 2 5%, i0FE D 19 GROD 4347 PR 2L
WA % 187 GROD B FHF- 35 (8 35 LU AR 7 iR E
1, LW R C e, B GROD (E AR L i 3l
A XRDZER . KIS tigE RN, IGA LA AR
ST, L] A R B SRS e & AR TR AR . M
X KAM 73 81 77 152k 1k, GROD 438 77 16 ] B8
iy S Bt B G (AR TR AR (18 0 A8 2o R B AR A B 34 il
SR A [ AN 511



o5 4 1

BHIE ), A5 - HR3C B CAATR BAER & SR AR 4595 1) FL 7 T AT S 0B

617

WA
m I

250 200 170
SR W 1/ MPa

a KAM

150

E9

—~
o

=
Q
Q
o2
O

107
1.8
1.6
141
12}
1.0
0.8 F
0.6 |
0.4t
0.2 f

0

UE(H

250 200 170
BEARRY 11/ MPa

b GROD

150

AREERE X KAM #1 GROD 183 53 7 i £l E A1 XY 5376 R # T HAE xS Eb

Fig.9 Histograms of peak relative frequency and average values of KAM and GROD

4 gip

A SCHH XRD F EBSD #1551 7E 650 “Cri il Al
TR TR R R HR3C B EC AR A 1 i S 03
fE A3 LR S5E

(1) N[r) T A5 3 5 4 A AR i IR TR RB 2
Al T2 NI AR S T B A AN ) e A
FESE T IR B S e TR A 5 i
SRR AEBIERAL, BRSO AT R
F B2 MR ARSI AR ] 5 AR 7 B 2 2 1 055 A8 4
1 i B BEREAF SR AR 25 ), 8548 4 ¥ 3 57 Bt st [
A O

(2) AR BYIRAR S AR AR dfohs A 7 AR
BEORHRIA) o AR T iRAR S50 AR S CSL i 5t A9 O
o H S 3 @RS T g, R AR ) AR AR R R
28 SR RE SEAS AR AR T = B A5 AR o A
SRR AR B — M A A AR AR R R
URAR S CSL A AN 20 4 o 13 5 IR A ofe

(3) ZH o4 RAR WY, B — I SRS R T
RS AL = A A e W A8 R AR AR I A8 R 3 AR
U7 B DAY RO AR g 2 o s ST AR B AR R Y
W7 A5 kg I8 A B [ o A B 0 A T by g kg 7
T U AR AL 2 A 3 O XAk U R AL B S0, A ] 3
175 L S CSLL A AR A AR AL T

(4) EBSD & 5t 43 B 7 1 i i 1 LI A5 )i 22
ITOAFAE , o GROD 4387 5 2% T A5 7 B AR Tt
P ) AR T AR RFAE o U5 5 7 AR SO0 43 A7 B J AR 2
57, WA RN AR B R AEAE R R

{EETTmk=RE

WIIE K B E 1B SCHESR 1S
KRR S HIRSURE Mg
K3 BORMISEE 1B SUIRS e SCiB .

Sk
[1] HU Zhengfei. Heat-resistant steels, microstructure evolution

(4]

and life assessment in power plants, in thermal power plant
[M]. Croatia: In Tech,2012.

SAWARAGI Y, TERANISHI H, ISEDA A, et al. The
development of new stainless steel tubes with high elevated
temperature strength [J]. Sumitomo Search, 1990, 44: 146.
DOI: 10.1016/B978-0-08-037890-9.50491-9.

HANG S H, KIM B S, MIN T K. Development of ultra
supercritical (USC) power plant [J].
Korean Society of Mechanical Engineers B, 2013, 36: 205.
DOI:10.3795/KSME-B.2012.36.2.205.

MURAMATSU K. Development of ultra-super critical plant in
Japan [C]// Proceedings of Advanced Heat Resistant Steels

Transactions of the

for Power Generation. Cambridge: The University Press,
1998 543-554.

ISEDA A, OKADA H, SEMBA H, ez al. Long term creep
properties and microstructure of SUPER304H, TP347HFG
and HR3C for A-USC boilers [J]. Energy Materials, 2007,
2(4):199. DOI:10.1179/174892408X382860.
VISWANATHAN R, BAKKER W T. Materials for ultra
supercritical coal power plants — boiler materials: part 1 [J].
Journal of Materials Engineering and Performance, 2001,
10(1):81. DOI: 10.1361/105994901770345394.
NOBUYOSHI K, MASAAKI I, YUSUKE M, et al. Field
test results of newly developed austenitic steels in the eddystone
unit No. 1 boiler [C]// Proceeding of the 8th International
Conference on Creep and Fatigue at Elevated Temperatures.

San Antonio: American Society of Mechanical Engineers,



618

6] 5% K 2 2 (A 4K BE 2 B

%52 %

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

2007:203-209.

HU Zhengfei, ZHANG Zhen. Investigation into the effect of
precipitating characteristics on the creep behavior of HR3C
austenitic steel at 650 “C[J]. Materials Science and Engineering
A, 2019, 742(1): 451. DOI: 10.1016/j.msea.2018.10.124.
HONG C W, HEO Y U, HEO N H. Coherent to incoherent
transition of precipitates during rupture test in TP347H
austenitic stainless steels [J]. Materials Characterization,
2016, 115:71. DOI: 10.1016/j.matchar.2016.03.018.

Jr R FE A, 2R . HIR3C AR e T ik 2k ot A2 m i 47 1 AR
[J]. 4JE2#4i, 2010, 46(7):844. DOI: 10.3724/SP.J.1037.
2010.00037.

FANG Yuanyuan, ZHAO Jie, LI Xiaona. Precipitates in
HR3C steel aged at high temperature [J]. Acta Metallurgica
Sinica, 2010, 46 (7) : 844. DOI: 10.3724/SP.J. 1037.2010.
00037

OKADA H, IGARASHI M, YAMAMOTO S, et al. Long-
term service experience with advanced austenitic alloys in
eddystone power station [C]// 8th International Conference on
Creep and Fatigue at Elevated Temperatures. San Antonio:
American Society of Mechanical Engineers, 2007: 181-188.
VISWANATHAN R, HENRY J F, TANZOSH J, ez al. U.
S. program on materials technology for ultra-supercritical coal
power pants [J]. Journal of Materials Engineering and
Performance, 2005, 14 (3) 281. DOI: 10.1361/
10599490524039.

MASUYAMA F. Lessons on material issues from eddystone
USC power plant [C/CD]// Symposium Advanced Power
Plant Heat Resistant Steels and Alloys. Shanghai: [s.n.],2009.
HE J, SANDSTROM R, VUIJIC S. Creep , low cycle fatigue
and creep-fatigue properties of a modified HR3C [J]. Procedia
Structural Integrity, 2016, 2: 871. DOI: 10.1016/].
prostr.2016.06.112.

MARTINS R F, BRANCO C M. A fatigue and creep study in
austenitic stainless steel 3161 used in exhaust pipes of naval gas
turbines [J]. Fatigue &. Fracture of Engineering Materials &.
Structures, 2004, 27: 861. DOI: 10.1111/j. 1460-
2695.2004.00783.x.

BOUCHARD P J, WITHERS P J, MCDONALD S A, et al.
Quantification of creep cavitation damage around a crack in a
stainless steel pressure vessel [J]. Acta Materialia, 2004, 52:
23. DOI: 10.1016/j.actamat.2003.08.022.

FATE ). S FOAAR AR B 1 FH R S5 P (M. e Bl
Jeit:, 2018.
HU  Zhengfei.
martensitic heat-resistant steels [M]. Beijing: Science Press,
2018.

Application research and evaluation of

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

RAABE D, HERBIG M, SANDLOBES S, et al. Grain
boundary segregation engineering in metallic alloys: a pathway
to the design of interfaces [J]. Current Opinion in Solid State
and Materials Science, 2014, 18: 253. DOI: 10.1016/j.
cossms.2014.06.002.

LEICEK P, SOB M, PAIDAR V. Interfacial segregation and
grain boundary embrittlement: an overview and critical
assessment of experimental data and calculated results [J].
Progress in Materials Science, 2017, 87:83. DOI: 10.1016/j.
pmatsci.2016.11.001.

ABE F, KERN T, VISWANATHAN R. Creep resistant
steels [ M ]. Cambridge : Woodhead Publishings, 2008.
SKLENICKAA V, KUCHAROVA K, KVAPILOVA M,
et al. Creep properties of simulated heat-affected zone of HR3C
austenitic steel [J]. Materials Characterization, 2017, 128:
238. DOI: 10.1016/j.matchar.2017.04.012.

WRIGHT S A, NOWELL M, FIELD D P. A review of
strain analysis using electron backscatter diffraction [J].
Microscopy and Microanalysis, 2011, 17: 316. DOI: 10.1017/
S1431927611000055.

MAHESH S, ALUR K C, MATHEW M D. A creep model
for austenitic stainless steels incorporating cavitation and wedge
cracking [J]. Modelling and Simulation in Materials Science
and Engineering, 2011, 19: 15005. DOI: 10.1088/0965-0393/
19/1/015005.

HU CY, WAN X L, ZHANG Y J, et al. The synergistic
effect of grain boundary and grain orientation on micro-
mechanical properties of austenitic stainless steel [J]. Journal of
the Mechanical Behavior of Biomedical Materials, 2021, 118:
104473. DOI: 10.1016/j.jmbbm.2021.104473.

ZHANG J, HU Z, ZHAI G,

characteristics and evolution of HR3C austenitic steel during

et al. Creep damage

long term creep [J]. Materials Science and Engineering: A,
2022, 832:142432. DOI: 10.1016/j.msea.2021.142432.

DAS A, ROY N, RAY A K. Stress induced creep cavity [J].
Materials Science and Engineering: A, 2014, 598: 28. DOI:
10.1016/J.MSEA.2013.12.097.

CUI Y, SAUZAY M, CAES A, et al. Modeling and
experimental study of long term creep damage in austenitic
stainless steels [J]. Procedia Materials Science, 2014, 3:122.
DOI: 10.1016/j.engfailanal.2015.08.009.

RUI' S, SHANG Y, FAN Y, et al. EBSD analysis of creep
deformation induced grain lattice distortion: a new method for
creep damage evaluation of austenitic stainless steels [J].
Materials Science and Engineering: A, 2018, 733: 329. DOI:
10.1016/j.msea.2018.07.058.



