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Abstract

Welding is inevitable to make permanent and leak-proof joints to specifically
establish power plant structures. However, welding introduces inherent heterogeneity in
microstructures, mechanical properties and residual stresses across the weldment, which
appears to be the source of many premature failures. Hence, it is critical to systematically
examine the weld microstructure heterogeneity and its influence on their eventual behaviour
during service conditions. On the other hand, post-weld heat treatments (PWHTS) such as post-
weld direct tempering (PWDT) and post-weld normalizing and tempering (PWNT) are being
developed to overcome the problem of weld heterogeneity. However, the temperature and time
of PWHTSs are critical to achieve a better combination of homogeneous microstructures and
mechanical properties. Considering this, the current research focused on a careful examination
of various PWHTSs and their subsequent effect on the weld microstructure heterogeneity.

Further, microstructural degradation during high-temperature exposure (HTE) has been
studied to understand the material behaviour and possibly prevent premature failures. A lab-
scale welding setup with preheating and uniform rotation speed has been designed and
developed to achieve defect-free smooth weld beads. Using the setup, welding was performed
considering firstly similar materials (i.e., T91 grade steel with T91) and secondly, considering
dissimilar material (T91 steel with Super304H) welds.

The impact of PWDT on microstructure evolution, mechanical properties and residual
stress was first investigated, considering the effects of Mn + Ni content on lower critical
temperature (Acz). The welded tubes were heat-treated (PWDT) at three temperatures (720 °C,
760 °C and 775 °C), chosen below their Aci (~ 791 + 5 °C), for varied times. The results
demonstrate that PWDT temperatures closer to the Ac: temperature (i.e., 760 °C and 775 °C)

significantly impact hardness, tensile strength and % elongation.



Further, investigations reveal that the tempering at 775 °C — 30 minutes results in achieving
optimum mechanical properties (attributed to fine M23Cs type precipitate size) with minimum
residual stresses. Additionally, longer tempering time (~ 120 minutes) at 760 °C and 775 °C
coarsen the M23Cs types of precipitates that initiate de-cohesion at the weak precipitate/matrix
interface.

Even after PWDT, microstructure heterogeneity (such as variation in grain size and
precipitates size and their distribution) remains across weldment (WM: weld metal, CGHAZ:
coarse grain heat affected zone and FGHAZ: fine grain heat affected zone). This indicates that
the individual weld zones may exhibit distinct behaviour during service. To simulate in-service
conditions (as experienced by power plant weld materials/components) on the weldment
microstructural degradation, the PWDT (760 °C for 120 minutes) heat-treated weld was
exposed to HTE at 775 °C for varied times (5, 100, 500 and 1000 h). Among the weld zones,
FGHAZ specifically demonstrated peculiar behaviour. Significant coarsening of M23Cs
precipitates and abnormal grain growth have been noticed, possibly due to the enhanced
diffusion through the higher grain boundary areas resulting from the finest grain size in this
welded zone.

Additionally, the grain growth may have also been accompanied by the recovery of
substructures of laths/packets/blocks and unpinning of prior austenite grain boundaries
(PAGBs) from the coarse precipitate. Due to this, after HTE, FGHAZ's hardness deterioration
was the highest of all the zones. Moreover, the tensile strength and toughness of the
weldment after 1000 h of HTE were reduced by 39 % and 57 %, respectively, compared to the
PWDT condition and failure that occurred at FGHAZ. Hence, these results suggest that the
selective microstructure degradation in FGHAZ, even below the Ac; temperature, could be the
cause of T91 steel welds premature failure during service. In contrast, after PWNT, the weld

microstructure appears stable, where the selective grain growth or precipitate coarsening in
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FGHAZ is inhibited even under the same HTE condition. This is attributed to the increase in
the grain size, in the FGHAZ region, from 5 + 2 um to 13 + 4 pum, with an enhancement in
martensitic morphology (laths, blocks and packets). The microstructure changes after PWNT
had also been demonstrated through their creep performance, where the impression creep rate
was substantially lower (i.e., ~ 0.5x10®/sec) for PWNT as compared to the creep rate (~
5.3x10%/sec) for PWDT. Similarly, the impression creep rate for PWNT with 1000 h HTE
condition is ~ 8.3x10%/sec compared to the creep rate observed (i.e., ~ 21x10®/sec) for PWDT
with 1000 h HTE condition. Hence, for T91 welds, PWNT outperforms PWDT; further, it was
examined to be established for dissimilar metal welds (DMWs).

DMW of T91 and Super304H material induces an extremely heterogeneous weldment. The
studies found failures either from FGHAZ on the T91 side due to rapid microstructure
deterioration or Super304H side due to sensitization/intergranular corrosion (IGC). To mitigate
the heterogeneity across welds, PWNT was employed to homogenize the microstructure in
both the materials and compared with PWDT. It was found that after PWDT, there was no
impact on grain size across the weldment. Additionally, it resulted in a sensitization
phenomenon on the Super304H side. On the other hand, PWNT heat treatment eliminated the
critical FGHAZ of T91 side and as well reduced the sensitization on the Super304H side.
Furthermore, the microstructural analysis revealed that PWNT heat treatment reduced grain
size heterogeneity and decreased the precipitates' size on both sides of the WM. Moreover, the
optimal combination of mechanical properties (0.2 % proof stress, tensile strength,
% elongation and toughness were 384 MPa, 691 MPa, 22 % and 132 MJ/m3, respectively) was
found in the case of PWNT heat treatment, which is attributed to uniform grain size and fine
precipitates. Furthermore, DMW resulted in higher tensile residual stresses on the T91 side,
while the Super304H side exhibited compressive residual stress. PWDT and PWNT could

reduce residual stresses, although PWNT is more effective due to complete austenitizing.
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Y

foore T TReTell & faRiy U ¥ RfUd & & o wirdt &R Rama-vggd shel &
g1 & forg Af@ sifard B 1 grerifes, Af@T ArediRear, ifde o 3R dsde |
3aRRry aral & fAfed fawwar &1 aad a1 5, S s IHaYd fawbadnel &1 |id Udid ardl
21 Sfe, a1 Idl & SRME & 3ifd TaER R 3@ HISHREHR favHar 3R 3D
TUTT B HARYd ST BT Hedqu! ¢ | gkl 3R, IS fIvHal &1 THR &1 ¥ B &
7T URe-dee gie dielie (PWHTSs) S URe-atg Sravae S/ (PWDT) 3R TRe-dce
AR T8 /i (PWNT) fawRid fet o1 3% 1 gTdifes, ol AIgshReaRR 3R
Tif3e T[ON & SgaR TS & U HRA & oI PWHTSs T ATIHM 3R THT HEdqU! ¢ |
Y & H X g, IAM Y A fAfE PWHTs &1 Fraurigdd s 3R a6 At Reaar
fISTAT IR 39 ST & YHTd WR & SHigd foa|

3% 3aTTaT, Hifdd TaeR &) HgH IR YHad: AT J Ugd [aadrsi &l Ao &
fore 3= aruHE ST (HTE) & SR AIRHRcaRRd fRTae &1 3ieqg= fdar ma gl
W SR THaHM AT e & WY de-3hd dfcsT Je3™ &l 4Y Jad des 18y
T B & forg fewmg oiR faewfyd fvan mar 81 Yesra &1 Iudiv &-d §T, Ued T91 &
Y T91 VS W 3R GO &1, T91 WA & 1Y Super304H 968 W fIIR FHRa gU AfeET
&1 UaR fova T

HH AUl dUHE (Ac) T Mn + Ni & JHEl W [daR #Rd U, 99 Ugd
ArEhReaaR famy, Fifde ToT 3R AP TH1d WR PWDT & THTE &I S &1 T3 | dee S
A P S-S T & W ofiF arad = (720 °C, 760 °C 3R 775 °C) W 39F Aci (~
791 + 5 °C) & = AT 71 T | IR vefRfd #d g fs PWDT AUEM Ac, dTod= (@,
760 °C 3R 775 °C) & BT BRI, a9 Wfdd 3R % TeTd TR AUl THTE STl g |

S ST, S J UdT Iadl & 6 775 °C - 30 e R uRumeey gad safiy a9
& 1Y VAR JifAd TN &1 U o St g1 39 Sffafad, 760 °C 3R 775 °C W @d
TG T (~ 120 FHC), MasCs THR & SA&T! ! HicT IR Gl § ol HHeIR aau/afea
Y R S1-HIRTA P YLI3MTd HAT 5 |
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PWDT & dT¢ Hf}, HTSshiReaer fawddr dcsde & 1 §% & | I8 ST HRal ¢ fob Srefl-
3T AT S AT & SR ATRIY HAER UeRid R Udhd ¢ | 908 HISH RS TR [SHSTH
IR g9-gfaq Rufaal (@R f 1R Wi ae8 / 9! gRT 344 fhaT a1 §) &7 SIHRul
H & fag, PWDT (120 fFe & o 760 °C) Ble-dics dcs &i faftd ¥wa (5, 100, 500 3R
1000 ©) & foIT 775 °C W HTE & YU | @1 7471 UT| dcs &3 &, FGHAZ A faRw =0 3
SNETRIT TAER &1 W= BTl Mx:Co 38T & Ag@yul HIcU- 3R SR gfg &I
ST T §, IHAd: 39 deeS T H 98 HHR & UNRUTHGRY 3 3ol ST &1 &
T1H I d¢ §U TR & DR

P ARG, I B gl & T TU/Ahe/b b FaCdR HI RPpad! R Hle

33T T g4 3HNCTSE I 133! (PAGBs) &1 WiaHT o 8 &l 81 TP BRI, HTE &
16, FGHAZ 1 HaRdT e gt &1 § Ta 31t ot | 59 sramar, PwDT fRufd 3R
FGHAZ ¥ g% fawaar &1 ga1 #, HTE & 1000 € & ST Ate &I a4 e 3R Bl
HU: 39% MR 57% HH 81 T8 | ey, 39 URUMAl ¥ uar 9adl ¢ & FGHAZ |
JGTHS AP RCHR TRTaC, g8t d@ fb Ac) aae™ 9§ +f 2, ¥a1 & GRE T91 T
J%E P! AU [Awhad! &1 HRUT gl Ghdl g |

3% fAuRld, PWNT & dTc, 378 WIS ReRR RR 3T a1 8, 56 FGHAZ & TS
IeT B gfG 1 3A&TY T &1 HTE T & agad oft I1fd 811 81 8 957 & R & IfG

& fory SER B, FGHAZ &3 T, 5 + 2 TSR I 13 + 4 HISHIH ddb, HICRIfCH ATh ol
@Y, AT 3R Tbe) | i & Y| PWNT & d1¢ HISHRETR | 9add Bl 39 P
yexF & Ty 9§ +f vefRia far mar un, Siet ®1U e (- 5.3x10-8/ AHS ) Pt o A
PWNT o folU STIRM P14 X BTHT HH T (@, ~ 0.5x10-8/ D S) | Tdhe) Neswgaic! &
fore| g5t ke, 1000 B¢ HTE T a1 PWNT & foTT SBIRME HIU YT ~ 8.3x10-8AFS &,
Safd 1000 e HTE U ard PWDT & T 1T Ye @, ~ 21x10-8/AdS) AT 7147 |
MY, T91 48 & AL, PWNT, PWDT ¥ 98aR UGRH HRdl §; 3% ITdl, 3 3RHH
YTd 9¢8 (DMW) & ToTT RATTd 3 &1 offd Bl Ta |

T91 3R Super304H ®T DMW, T& 3fdd fawH dcs & URd Har g1 srerg=i & a1 a
FGHAZ ¥ T91 H1 3R dol ¥ HIZPHRCTR oS T YUR304H BT 3R I Hdgdor /



IR ST (IGC) & HRUT faharar UTs 15| des H fawHar & &8 & & forg, PWNT
DI T IR T AEHReTR & YAEY g9 3R PWDT & 1Y Ja-T &+ & fag
faIfora fopam T U1 g U T fo diesggict & d1g, dehe B I & HTHR IR Hig
UHTd ol UaST| 39 3ffdfad, 39 TRUTHGT Super304H & TR% T JdG R0l gl
g5 | QURT 3fR, PWNT 70 ITAR A T91 U& & HE@Ul FGHAZ &1 THTW & T 3R A1y
ﬁSuper304H T&f IR GdGIpUl dl HH B |

P ATTAT, AT RCIRRT a2yl § T =all & {6 PWNT gl dletie A 9 & 3R o
AT 1 1 = far 3R WM & S fhRI TR 3198 & 3THR &l HH o 7| 396
3{cTaT, Fifds 0T BT IFTH YAISH (0.2% YW d-1d, -0 fdd, % F¢1d 3R Hdl HH:
384 MPa, 691 MPa, 22 % 3R 132 MJ/m’, HT:) PWNT A9 SUIR & ATHS H U1 747 2T,

S foh & THTHM 3 & THR 3R AL 3989 & fore e | 39 31arar, DMW A T91

U8l IR I Tl SHAIRIY 19 BT YR f&a1, Safd Super304H U&l = Tpfad fafry
I-Ta U Rd faram| PWDT 3R PWNT SfafRTs -1 &1 HH $HR Tdhd &, gTaiid PWNT o
austenitizing & RO 3P THTA B |
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