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Figure 2 Metallographic microstructure
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Figure 4 Hardness distribution of service P91 steel

steam pipe welded joint
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Figure 5 Room temperature tensile properties of NBM, BM, HAZ, and WZ



924 Mook

2022

HAZ BT o B K Jm Mo B 20 5 TR T 11.4% f
14.3% ; Mt T NBM, WZ B9 30 7 58 BF K Jimi IR 5 g
ML b, R T 4.1% F19.0% s NBM.,
BM HAZ H1 WZ U4~ A7 1) ZE i 2R 45 Sk 452300, A8 b
R BE B K

€ 6 5 NBM .BM .HAZ 1 WZ [ 25 7 A 52 56
gh L ME 6 1] I, BM I NBM () 3t $7 5 i Al iR
o A R AT, 5 NBM A EE , HAZ W) BT hr o B A1
IR 5 B Y5 A FIF R ARG, W Z 8 Bt 7 3 58 00 i IR 56 5 A
B 2 T H A3 B3 K T 87 #1193 MPa.

I & B, IR A% PO1 A 7% 7R A I AR 4 4 3k
2 HRAE A I RN R B AE S B AH (R A AR b R
A, 5 NBM 11 % i A s 5P At 58 AH L, BM 1y Hir
bR R R I B B AR Ak HAZ (9 F7 A 4 e 32 B

0L, WZ (R R se 2 5 bk s Ot Y
WF5E 7 IR 78 000 h Y T91/G102 53 Fh 4R 45 432 432 3k
12 BE & B, KT TO1 89—, 4% 35457 i 35 00 52
JEE B 5L PRI R T 4 1 I % IR A% B R T aE i
Tl 7 ) 5 5 B R U s iR Ak . ER A EE R
BT, X T R A% 6 a i POL AR A A5 4 42 3k, 4% 3B o7 Al
JE S AR — B, 7 i B — R A 1 I IR A
A T S BB 3 e s R ) e R A U Bl AR A . AEAR
WF5EH ,NBM .BM \HAZ Fil WZ #5457 (1) B Ji5 e A —
0, M HAZ /5% I F NBM . BM fl WZ. Hi itk af
UL, b IR A& I TR T 74 000 h S s 20 2k W B 3
AF AL B PO1 AN 2% 15 8 B AR 2 5 Sk B 9O i
T 8 2 3k 4 38 A = RN R R LA P AR Dk B &
iBfk.

SN fihi N
400 - P %;‘: 401 7
N @,
) Qv N\ \D’{ @30-/ % ~
. X1 | »
NS Y .l O ) o
200 1 9

NBM HAZ WZ
X3

(a) Pohrss BRI AR 3

2
=]
=

HA

N

X
(b) ffE

B 6 NBM.BM HAZ M WZ ¥ i fg
Figure 6 Elevated temperature tensile properties of NBM, BM, HAZ, and WZ
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Figure 7 Tensile fracture morphology at room temperature
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Figure 8 Tensile fracture morphology at elevated temperature



926 Mook

A3 2022

2.4 HAZ#ifRERER A

Zg BT A T NBM, KR £ P91 AY 25 1%
B BM A WZ 19 B i 80k W4k, fir
b pe A R IR LR SR HAZ 19 2 i 4l
SUHH PR T A, H R M Rt AR R AR S
NBM LA 00T BB . 78 P91 X 78754 18
A s o A R P AR T R R AR 2R TRk il HAZ X
B A ST Tk e X e kA — e R
M)A, J2 AR B AR T [ R AN Ak 9 & 2E R
Ak, T B e £k P T 5 B AR Al 2 AT S 2k b i . H I
A i 2% KL A A A7 R 2 B R R /D |, S BT S o Ak X
S TR E T B, OE T 3 AR B R W AR
AR Ak A v IR AR A [ K A R U S R
P i 2% S DR AT O R, B S SR ARk i B Y A
FHZCAE W 55 , 1 LB £k 9 7 EC AR Al 2% 5018 Ay o T
KA A 8 P I FE ) LG SR 3B A Cr . Mo\ Fe
U R Al AR R RS HAZ
KI5 R 30 A A%, ALK B () A e 3R R T ) PR 58 R £
il H 0 B 2 A S A M RE R 1R, R
PO1 Y 25 758 18 1 f 9 55 0 A0 o

3 #Hit

(1)t T MR AL 1] ANk 74 000 h e il 2 41
PEAS I B9 POT 4 2 VU4 T8 AP 4 1 Sk, B R 10
TEAT RO W 32 Sk 4% 51007 3t 11 3l A3 AV 4 BE 1) D 8
LB A

(2)PO1 Mz A T A 4% K 22 74 000 h IR )
25 B0 A 3 55 NBM A B2 B ok 4T, AT R B W i
ARAE . BM AT W Z B i R e 3 437 P RE S R DL IV
B4, T HAZ B4 3 il A1 e i f A 1 B 20 2 25 R Ak,
L e DB SR Ay 90 W SR B A D ) s A PR S
WAL, [ I A T 2R T b T A A R kA

(3) 73 A v 1 o T AV B0 [ KAl HAZ 14 2
PG A A 2 R A ¥ & 2R R, Ho e A 9 1 5 R AR AR
S5 ST 2R AT ML N HAZ 8 2 I R R il i
B R R o A A e i ) BRI AR
fliA B 2 m HAZ B 20— Bk il T %
it A0 e JL AL o P B 3 T I

S EHk:

[1] JONES W B, HILLS C R, POLONIS D H.
Microstructural evolution of modified 9Cr-1Mo steel[J].
Metallurgical Transactions A, 1991, 22(5): 1049-1058.

[2] X145 . T/P91-92 fiif A 4W A Z i Mk gE A F5¢ (D], i
P LKA, 2018.

PANDEY C, MAHAPATRA M M, KUMAR P, et al.
Some studies on P91 steel and their weldments [J].
Journal of Alloys and Compounds, 2018, 743: 332-364.
HE R G A T/POLR B LR PE e 5 TR R
MM, V522 . BRPTRRZH AR A, 2006.

EHCE, RIEAR, A, S E G A R
MR AN A A rpE R IR LT, Bk, 2015, 50
(8): 1-10.

TKREL, RN, ZRURLL R IR 2T PO AR 45 432 3 T 44
PEREIBTLT]. #5 s H AR, 2007, 28(7): 961-964.

BRT . KR AR T /P91 T £ A9 Ay o WL 20 2R 4548 5 2 2%
LAY WFSE LD ] P B : AR bR, 2008.

RARL, Wi, LWL, S IR FHLA A P11
SRBEIRAEAT R LT] BULBC AR AP RL, 2021, 45(1): 28-33.
PANDEY C, GRIR A, MAHAPATRA M M. Effect
of normalizing temperature on microstructural stability
and mechanical properties of creep strength enhanced
ferritic P91 steel[J]. Materials Science and Engineering
A, 2016, 657: 173-184.

[10] PANDEY C, GRIR A, MAHAPATRA M M.

Evolution of phases in P91 steel in various heat
treatment conditions and their effect on microstructure
stability and mechanical properties [J]. Materials
Science and Engineering A, 2016, 664: 58-74.
PANAIT C G, LIPIEC A Z, KOZIEL T, et al
Evolution of dislocation density, size of subgrains and
MX-type precipitates in a P91 steel during creep and
during thermal ageing at 600 °C for more than 100 000 h
[J]. Materials Science and Engineering A, 2010, 527:
4062-4069.

ZIELINSKI A, DOBRZANSKI J, PURZYNSKA
H, et al. Changes in properties and microstructure of
high-chromium 9-12%Cr steels due to long-term
exposure at elevated temperature [J]. Archives of
Metallurgy and Materials, 2016, 61(2): 957-964.
PANAIT C G, BENDICK W, FUCHSMANN A, et
al. Study of the microstructure of the grade 91 steel
after more than 100000h of creep exposure at 600 °C
[J]. International Journal of Pressure Vessels and
Piping, 2010, 87(6): 326-335.

PENG Z F, LIU S, YANG C, et al. The effect of
phase parameter variation on hardness of P91
components after service exposures at 530—550 “C[J].
Acta Materialia, 2017, 143: 141-155.

WARR, FER, ADOLF . POLWRAE E 5 8 (%6 &
A HGURPERELT]. s SR AR FE, 2020, 45(3): 1-6.
AL LRl R 8 v R R R B R 1 B R 5
[T]. B drbl i, 2019(1) : 62-64.

R, RS, 3R, S5 (RREEE POLE MY Ak
PO B TFar N LT ], A gy, 2017, 50(8) : 82-86.
BT LA I R e T v B A 6 o 4 1 R
FELT]. BHE S Ak, 2014(15) - 398.



$16 % 6 P A+ JCIDI IR A% PO 4 2 33 A8 T AR e Sk i L B0 % 22 M RE AT 5 927

[19] JUNEK M, SVOBODOVA M, HORVATH J, et al. tion of P91 steel in the virgin, service exposed and post-
The effect of long-term ageing on microstructural service re-normalized conditions [J]. Steel Research
properties and Laves phase precipitation of welded P91 International, 2013, 84(12): 1302-1308.
and P92 steels[ J]. Steel Research International, 2022, [25] WANG S S, CHANG L, WANG L, et al
93(2): 2100311. Microstructural — stability —and  short-term  creep

[20] #&I5, FIOHR, 227/, % . 20MnSi 45 7% 8 7 17 4 properties of 12Cr-W-Mo-Co steel [J]. Materials
BALIX FERELT]. K344, 2008, 29(12): 46-48. Science and Engineering A, 2015, 622: 204-211.

(210 JuJy, RUGF . mi KB EATJE T91/G102 5 Fh iy 48 [26] PANDEY C, MAHAPATRA MM, KUMARP, etal.
et S MM Be AR A B Ar [T]. HLAR AR 4R, 2012, Homogenization of P91 weldments using varying
36(10): 8-11. normalizing and tempering treatment [J]. Materials

[22] FRA, GEAEM, XBHEM, 55 . POLTH PR 35 12 3k I Science and Engineering A, 2017, 710 86-101.
BHA G MR T] B T T2, 2019, 48(9) - (27] 23677, %R, 9237057, 4F . P924H 625 CHRE Ak B
245-247. S BURFAE 15 4 B ML,C, B Laves HHI 2 50 i 1t

[23] AKHTAR M, KHAJURIA A, SAHU J K, et al. ERFFELT]. &)@, 2010, 46(4): 429-434.

Phase transformations and numerical modelling in [28] ZHOU X S, LIU C X, YU L M, et al. Phase

simulated HAZ of nanostructured P91B steel for high transformation behavior and microstructural control of

temperature applications [J]. Applied Nanoscience, high-Cr martensitic/ferritic heat-resistant steels for

2018, 8(7): 1669-1685. power and nuclear plants: areview[J]. Journal of Materials
[24] LIH J, MITCHELL D. Microstructural characteriza- Science and Technology, 2015, 31(3): 235-242.

Study on Microstructure and Mechanical Properties of Long-Term
Service P91 Steel Steam Pipe Welded Joint

TIAN Chengchuan',ZHAO Hai"", TIAN Ni*, LIU Yang”, LI Xiaohui*, WANG Weilin'
(1. Northeast Branch, Huadian Electric Power Research Institute Co. , Ltd. , Shenyang 110819, China; 2. Key Lab
for Anisotropy and Texture of Materials, Ministry of Education, Northeastern University, Shenyang 110819, China;
3. Huadian Electric Power Research Institute Co. , Ltd. ,Hangzhou 310012, China)

Abstract: P91 steel is widely used in the key parts such as generator sets and steam pipelines in large power
stations. Long-term service will lead to performance degradation of P91 steel steam pipelines. However, the
current research mainly focuses on the effect of long-term service on the base metal, and there is a lack of
systematic research on the microstructure and mechanical properties of P91 steel steam pipeline welded joint.
In this paper, samples were obtained from the base metal of non-service P91 steel steam pipelines (NBM)
as well as the base material (BM), heat affected zone (HAZ), and welded zone (WZ) of P91 steel steam
pipeline welded joint in service for 74000 h. The microstructure and mechanical properties of long-term
service P91 steel steam pipeline welded joint were studied by metallographic microscope, scanning electron
microscope, transmission electron microscope, hardness tester, and tensile testing machine. The results
show that compared with NBM, the hardness and tensile properties of BM and WZ show no signs of
degradation, while the tensile properties of HAZ are significantly degraded when the hardness is basically
unchanged. This indicates that hardness cannot be used to determine the service life of P91 steel steam
pipeline welded joint with service time lower than 74000 h. The high temperature thermal cycle tempering
during welding roughens the martensitic laths and carbides of HAZ, and the carbides are continuously
precipitated and distributed along the interface of martensitic laths, which has caused a certain degree of
damage to the tensile properties of HAZ. Long-term service will significantly degrade the already-aged
microstructure of HAZ, resulting in a significant decrease in its tensile properties, and the fracture mode
changes from dimple fracture to mixed fracture of dimple and quasi-cleavage.

Keywords:long-term service P91 steel;welded joint;heat affected zone;microstructure ;mechanical property
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