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Effect of P92 overlaying on microstructure and mechanical

properties of P91 steel welded joint
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Abstract: In response to the engineering problem of low hardness and easy occurrence of type IV cracks in the fine-grained heat-affected
zone (FGHAZ) and inter-critical heat-affected zone (ICHAZ) of P91 steel welded joints, a layer of high-strength P92 steel with a
thickness of 6-8 mm was first overlayed on the P91 steel grooves, followed by an intermediate heat treatment of 1060 “C normalizing and
750 °C tempering. Finally, a conventional P91 welding technique was employed to fabricate the P91 steel welded joint with P92 overlay,
and a comparative study was conducted on the microstructure and mechanical properties of P91 steel welded joints with and without P92
overlay. The results show that the FGHAZ and ICHAZ in the heat-affected zone (HAZ) of the P91 steel welded joint with P92 overlay are
located within the P92 overlay layer, and its microhardness is about 4. 9% higher than that of the conventional welded joint without P92
overlay , effectively suppressing the formation of softening zones and significantly improving the hardness uniformity of the P91 steel welded
joint with P92 overlay. The hardness, impact toughness, and tensile mechanical properties at both room and high temperature of the P91
steel welded joint with P92 overlay meet the relevant standard requirements, and are superior to those of the conventional P91 welded joint
without P92 overlay.
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Table 1 Chemical compositions of the as-supplied P91 plate and two welding wires ( mass fraction, %)
C Mn P S Si Cr Mo Vv Nb Ni w Fe
Po1 0.10 0. 48 0.013 0. 005 0.23 9.28 0.96 0.22 0. 06 0.34 - Bal.
MTS3 0.10 0.50 - - 0.30 9.00 1.00 0.20 0. 06 0.70 - Bal.
MTS616 0.10 0.08 - - 0.25 8.50 0. 40 0.20 0. 06 0.50 1. 60 Bal.
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BT HEAR P92 () POT SR He Sk 25 F R R 1A
Fig. 1 Schematic diagram of the P91 steel welded
joint with P92 overlay
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Fig.2 Dimensional diagram of the high-temperature
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Fig. 3 OM images showing microstructure of the different micro-areas of the No. 2 sample

(a) weld; (b) CGHAZ; (¢) FGHAZ; (d) ICHAZ; (e) OTHAZ and BM
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Fig. 4 Brinell hardness distributions of two P91 steel welded joints
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Fig.5 Microhardness distributions at different layers of the cross-sections of (a-c) the No.2 sample and (d-f) the

No. 1 sample welded joints (a, d) the cover layer; (b, e) the middle layer; (¢, f) the bottom layer
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Fig.6 (a-e) SEM images of different areas and (f) structural schematic diagram of the No. 2 sample
(a) weld; (b) CGHAZ; (c¢) FGHAZ; (d) ICHAZ; (e) ICHAZ and OTHAZ

%2 6 &AM EDS B &R (RESE, %)
Table 2 EDS component analysis results of each point

marked in Fig. 6 ( mass fraction, %)

Point Fe Si \4 Cr \ Mn Mo

1 86.63  0.34 0.40 10.03 0.09 0. 96 1.55
86.86  0.35 0.27 9.85 0.39 0.85 1.43
86.77  0.38 0.35 9.19 1.78 0. 88 0.65
87.01 0.27 0.28 8. 84 1.76 0.91 0.73
87.02 0.48 0.24 9.16 1.49 0. 84 0.77
87.72  0.33 0.41 9.29 0.42 1. 05 0.78
87.45 0.16 0.11 9. 64 - 1.02 1.62
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No. 1 3XFEFT No. 2 3R (9 2 7 i ) 2 1 fig 51
T3 BRI AT PO1 4K BM, PIFRIK
FERYJE IR (R, ) HUPLBRIE (R,) 9454 GB/T
5310—2023 (Y ER, No. 2 KPR R, FI R, ¥ T
No. 1 30FE (HWT S AR (A) BRAIE,

&3 No. 1iRHEF No. 2 iR =B R A28k

Table 3 Room-temperature tensile mechanical properties
of the No. 1 and No. 2 samples

Sample R, /MPa R ,/MPa A/ %
No. 1 640. 3 505.8 16.3
No. 2 677.3 528.6 15.8
GB/T 5310—2023 =585 =415 /
TRV



2l

2 AR MER PO2 X PO1 MR HE Sk WA SUR ) 24 PERE A S ) 251

Bl 7(a, b) & 7(c, d)433124 No. 1 Fl No. 2 ik
SR LA KT R A0 K KR 5% W E R ) SEM i A
41, MK 7(a, b) AL, No. 1 Fl No. 2 il FEAY T 11 E
S8 5L ) s SR AR U ME T B4R L {H No. 2 1{RE I
F R8s R, W TR L R AR i B4 A i R R

i I S R

K17 IR PO1 AR S SR ALY 11 SEM T
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Fig. 7 SEM images of room-temperature tensile fracture surface (a, b) and microstructure near the weld

side fracture surface (c, d) of two P91 welded joints (a, c¢) No.2 sample; (b, d) No. 1 sample
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No. 1 EEAT No. 2 3K 600 °C & i firfi fy 244k
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£ 4 No. 170 No. 2 i FEH 600 CHL 1 E %8

Table 4 600 °C tensile mechanical properties of the
No. 1 and No. 2 samples

Sample Rm/MPa RpO. Z/MPa A /%
No. 1 280.7 251.3 18.8
No. 2 303.2 279.7 24.9
GB/T 5310—2023 / =198(600 °C) /
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Table 5 Impact toughness of the No. 1 and No. 2 samples

Sample Notch location agy/ (J/em®)
No. 1 Weld 91.0
No. 1 HAZ 128.6
No. 2 Weld 90. 4
No. 2 HAZ 156.0
DL/T 869—2021 / =40

i B No. 1 AT No. 2 iIRFER B IR S IR P
124 RE K op o M A G A DC AR SR, (L
S P92 1Y PO ANAE 32 3k (No. 2 1K) 19 77 22 P BE
SRR TICHEAE P92 Y PO1 4N IR 245 3k (No. 1

847 %
B A
3 b

1) 7€ PO1 ARARA 3 11 AbHER— 2 P92 FFilt47Hh
[ A S | PR R A P91 B0 5 PWHT 1.2,
FITASHERE PO2 (1) PO AN AEEEE L) HAZ HH CGHAZ
FGHAZ ICHAZ L) X OTHAZ DU 4320 i, 4% X 38k 1
HAUHL)  FHEI]

2) TEHEAR PO2 11 PO MRS h  FGHAZ FI
ICHAZ ¥4 T P92 HE4R =, H 5 FGHAZ ,OTHAZ L
Je BM ZZ [B] A A B 22 ph AR HESEARZE T Y 17,0 HVO. 2
RIS 19 6. 8 HVO. 2, il B2 435 ¥ ) PEAS 2 A .
e, 5 PO1 4K BM AYRH B DL e

3) HEAE PO2 (1) PO1 AN R o b B M L bk
REFEAR ST A AH AR MEZEoK , BB AR F JC AR 1
PO1 Y ARk |

2 X X M

[ 1] Dak G,Pandey C. A critical review on dissimilar welds joint between martensitic and austenitic steel for power plant application
[J]. Journal of Manufacturing Processes,2020,58 :377-406.

[ 2] Codd D,McCrink J,Lach T,et al. Creep performance and microstructure of grade 91 steel weldments with integrated welding and
thermal processing[ J]. Journal of Manufacturing Processes,2025,145 ;34-45.

[3] RAR%L, % M, % FHBIRAILET Po1 NIYaR E BTN [ T]. FUM CAR A8}, 2021,45(1) ;28-33.
WU Shu-quan,HAN Tao,JIANG Shi-kai, et al. Strength degradation behavior of P91 steel for a supercritical unit[ J]. Materials for
Mechanical Engineering,2021,45(1) ;28-33.

[ 4] Vaillant J C,Vandenberghe B,Hahn B, et al. T/P23,24,911 and 92;New grades for advanced coal-fired power plants ; Properties
and experience[ J |. International Journal of Pressure Vessels and Piping,2008,85(1/2) ;38-46.

[ 5] Lanzutti A, Andreatta F',Lekka M,et al. Microstructural and local electrochemical characterisation of Gr. 91 steel-welded joints as
function of post-weld heat treatments[ J]. Corrosion Science,2019,148.:407-417.

[ 6] GuoY,MaC,Luo X,et al. Creep behavior analysis on ruptured welds of heat-resistant steels with two different failure modes[ J].
International Journal of Pressure Vessels and Piping,2023,206:105036.

[ 7] Wang Y,Li L,Kannan R. Transition from type IV to type I cracking in heat-treated grade 91 steel weldments[ J . Materials Science
and Engineering A,2018,7141-13.

[ 8] Fabricius A,Jackson P S. Premature Grade 91 failures-worldwide plant operational experiences[ J]. Engineering Failure Analysis,
2016,66:398-406.

[97  @Rkads, XK VRN 45, 455 B BEXS 5 Cr BR AR PO AR e Sk 9 52 [ 0. B RHARAE 2% 41, 2014, 35(3) 191
-96.
GAO Qiu-zhi,LIU Yong-chang, WANG Ying-ling, et al. Influence of post-weld heat treatment on welded joint of high Cr ferritic
heat-resistant steel[ J ] . Transactions of Materials and Heat Treatment,2014,35(3) :91-96.

[10]  XUpslE 2= 35, BEAH , 45, T IRIRTHFAAN o Laves AHRNT AT M [ ], MEHAL 447 ,2015,36(9) :109-113.

LIU Hong-guo, LI Sheng-zhi, XIONG Wei, et al. Precipitation behavior and influence of Laves phase in martensitic heat resistant



2 BAE MR P92 X PO MR EEEE L WA £ ) S 1 B A R M 253

[11]

(12]

[13]

[14]

(15]

[16]

[17]

(18]

[19]

[20]

(21]

(22]

(23]

[24]

[25]

[26]

(27]

steel[ J]. Transactions of Materials and Heat Treatment,2015,36(9) :109-113.

FAERE X TR, THIRAE, 4. i Cr 1) ORI BB 4 Sk IV AT A8 W BT S8 e [ 1] AR A B 2241, 2021, 42(10) : 1
-17.

WANG Yan-kun,LIU Zi-yun, MA Qing-shuang, et al. Research progress on type IV creep cracking of welded joint of high Cr
martensitic heat resistant steel| J]. Transactions of Materials and Heat Treatment,2021,42(10) :1-17.

Pandey C,Mahapatra M M, Kumar P. Effect of post weld heat treatments on fracture frontier and type IV cracking nature of the
crept P91 welded sample[ J ]. Materials Science and Engineering A,2018,731:249-265.

Sato K, Mitsuhara M, Nagata K, et al. Effect of impurity elements on the creep rupture strength of Gr. 91 steel welded joints at
650 “C[J]. Materials Science and Engineering A ,2024,903 ; 146669.

Kumar Y,Dash M K, Moitra A, et al. Experimental investigation of creep crack growth behavior in the heat affected zone of boron
added modified 9Cr-1Mo steel weld[ J]. Materials Science and Engineering A,2021,814:141180.

Abe F,Tabuchi M. Microstructure and creep strength of welds in advanced ferritic power plant steels[ J]. Science and Technology
of Welding and Joining,2004,9( 1) :22-30.

HEK. PO AU B Z R AL BEAIPEREDT ST [ 1] 1 €2 BE#,2016(S1) :35-38.

HUANG Fei. Study on the multiple heat treatment and properties of P91 thick walled pipes[ J]. Metallurgical Equipment, 2016
(S1):35-38.

FEMF. IR POT ARG S W RE S HAA AL FRAEUIFTE [ D], P62 . 422 Tl K7, 2023.

WANG Jian-giao. Microstructure , properties and heat treatment simulation of domestic P91 steel welded joints for long-term service
[D].Xi’an:Xi’ an Technological University,2023.

RS 2R 2E 70, 4F. OCrI6NiSMol B FRANGE 5 S ERAR ftoki A (AT [ 1] AR B4, 2023, 44(12) :136-143.

SONG Yi-si, LI Chuan-wei, LI Ke, et al. Growth behaviour of austenite grain of 0Crl6Ni5Mol martensitic stainless steel [ J ].

Transactions of Materials and Heat Treatment,2023,44(12) :136—-143.

LhEk. PO2 UREIEAL S TV TRUGAL T ML K BT T 37 [ D] K R HER:,2010.

MA Chong. Investigation on type IV creep cracking and its prediction method for P92 steel welded joints[ D ]. Tianjin: Tianjin
University ,2010.

Choudhary B K, Christopher J. Influence of temperature and strain rate on tensile deformation and fracture behaviour of boron added
P91 steel[ J]. International Journal of Pressure Vessels and Piping,2019,171:153-161.

Sonar T,Ivanov M, Trofimov E, et al. A critical review on dissimilar welding of ferritic-martensitic steel and austenitic stainless
steel using gas tungsten arc welding process ; Weldability issues , processing, and performance characteristics of joints[ J]. Journal of
Manufacturing Processes,2025,133:811-864.

X TRk, B I S b P92 BRYZHZNERE KW I [ M. JE st 48 Tl ik, 2015,

i betty , 2 Bt , X . R I S R MLZH A e bt R I P At RE [ ) ] AN T2 T 20, 2012,41(22) < 116-119.

HE Xiao-mei, LUO Chang-fu, LIU Man-bo. Material selection and localization of heat-resistant steel for ultra-supercritical pressure
generating units| J . Hot Working Technology,2012,41(22) :116—119.

Gu Z,Zhong M, Wang C. Eliminating the soft zone for grade 91 steel weldment via enhancing prior austenite grain size of the
intercritical heat-affected zone[ J |. Materials Characterization,2024,216:114318.

Pandey C,Giri A,Mahapatra 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.

Pandey C,Giri 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.

EANr, R, A, 55, 10Ct9Mol VN B FEH S P BB [ ). $ T 10°22,2025,54(11) 1 1-7.



254

L S T (- RS S 14 5547 %

(28]

(29]

WANG Jian-qgiao, YAO Yu-hong, JIN Yao-hua,et al. Research on heat treatment simulation of 10Cr9Mol1VNb steel welded joint
[J]. Hot Working Technology,2025,54( 11) ;1-7.

K, EIE S XIVER, 45, IO E P PO1 AR ZURIPERE ISR [ )], #5184 R 1 2003,24(6) :537-539.

ZHANG Lu,WANG Zheng-pin,LIU Jiang-nan,et al. Effect of tempering process on the microstructure and mechanical property of
domestic P91 steel[ J]. Foundry Technology,2003,24(6) :537-539.

Bhanu V,Gupta K, Saravanakumar R, et al. Influence of buttering layers on the microstructural evolution and mechanical behavior

of Incoloy 800HT and P91 steel welded joint[ J]. Archives of Civil and Mechanical Engineering,2024,24(4) :233.



